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ABSTRACT 
 
 
 The effects of dams on the characteristics of fluvial channels upstream and downstream 
of these structures have mainly focused on the effects of large impoundment dams.. However, 
many dams in the United States are run-of-river structures, which do not extend in height about 
the elevation of the bankfull channel and therefore do not create impoundments upstream that 
inundate the floodplain under normal flow conditions in the river. Further, the practice of dam 
removal throughout the United States is largely focused on run-of-river dams. The effects of 
these types of dams on river geomorphology have received far less attention. The aim of this 
dissertation research is to examine the effects of run-of-river dams on river channel morphology 
and sediment characteristics upstream and downstream of four such structures in Illinois. 
Modeling of hydraulic conditions and flow competence for flows with different recurrence 
frequencies is also conducted to evaluate the effects of the dams on backwater conditions and on 
particle mobility upstream and downstream of the dams. The results of this research show that 
the morphological and sedimentological effects caused by run-of-river dams are relatively minor 
compared to systematic patterns of upstream sedimentation and downstream erosion typically 
caused by impoundment dams. Minimal sediment storage is occurring upstream of the four run-
of-river dams examined in this study.  Longitudinal profiles and trends in channel depth indicate 
that no pronounced wedge of sediment has accumulated upstream of these structures.  Some 
trapping of fines is evident, but this effect is not substantial enough to produce a distinct 
morphological signature. Results from this research also indicate that channel degradation 
downstream of the run-of-river dams is not extensive.  Overall, longitudinal profiles do not 
exhibit abrupt discontinuities from upstream to downstream of the dams. Hydraulic modeling 
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indicates that the greatest backwater effect on the upstream flow profiles is found in the 
immediate vicinity of the structures, with this effect progressively diminishing upstream away 
from the dams, a result commensurate with known hydraulic impacts created by dams. Modeling 
of dam removal shows that backwater pools created by the dams are eliminated, but that local 
topographic variations in the channel bed profile can produce local pools upstream of 
topographic highs on the channel bed. 
 The flow competence analysis reveals that upstream of the dams competence decreases 
towards the dams, though trends are spatially variable among sites. The general decline in 
competence towards the dams suggests the potential exists for bed material to accumulate within 
the backwater pools at high and medium frequency flows, and that deposited material should fine 
toward the dams. However, the high competence of low frequency flows could entrain fine 
particles, flushing accumulated material out of the backwater pools. With the dams removed, 
spatial variability in, and magnitude of, competence increases, suggesting that dam removal may 
increase the mobilization of bed material. However, the spatial variability among sites suggests 
that the patterns of bed material entrainment with removal will also vary, commensurate with 
substantial variability in local hydraulic, geomorphologic, and sedimentologic conditions in the 
study reaches at all four sites.  
 The results of this result have important implications for sediment management 
requirements during dam removals, which often assume that large amounts of sediment can 
accumulate behind run-of-river dams based on findings from research on impoundment dams. A 
lack of sediment accumulation upstream of the run-of-river dams in this research, combined with 
the potential high competence for mobilizing sediment during low frequency flows, suggests that 
sediment accumulation upstream of run-of-river dams may not be as ubiquitious as previously 
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suspected in low-gradient stream environments, such as those in Illinois. This research also 
illustrates that variability in morphological and sedimentological conditions within each site and 
among the sites is substantial, and must be accounted for when considering dam removal. Further 
in-field process based research focusing on hydraulic and sediment transport dynamics across a 
range of flows at run-of-river dams is needed to more precisely quantify the fluvial processes 
operating near these structures. Such studies will lead to an improved process-based 
understanding of the effects of run-of-river dams on fluvial systems and will inform management 
decisions regarding future removals.  
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CHAPTER 1 
 
 
INTRODUCTION 
 
1.1 Rationale 
 Throughout history, humans have constructed dams on rivers and streams to allow for 
human settlement of floodplains, to reduce flooding, and to provide impoundments of water 
sufficient to support irrigation, electricity generation, and recreational uses (Baxter, 1977; Collier 
et al., 1996; Graf, 2001; Poff and Hart, 2002). According to the International Commission on 
Large Dams, the number of large dams worldwide that create impoundments, i.e. upstream lakes 
or reservoirs, is approximately 50,000 (Scudder, 2005). While large dams may be found in nearly 
every country on Earth, about 80% of the total exist in just five countries - China, India, Japan, 
Spain and the United States, where about 75,000 dams with heights at or greater than 1.8 m tall 
have been catalogued by the federal government (Graf, 1999, 2001; Pejchar and Warner, 2001; 
Poff and Hart, 2002). Most watersheds in the United States greater than 2000 km2 in area contain 
dams. Consequently, the occurrence of dams is ubiquitous, which creates widespread disruption 
of river flow and sediment transport. 
 Changes in river form and process induced by large dams have been extensively studied 
and well-documented by geomorphologists for almost a century (Lawson, 1925; Lane, 1934; 
Priest and Shindala, 1969; Baxter, 1977; Rahn, 1977; Petts, 1979; Galay, 1983; Williams and 
Wolman, 1984; Chien, 1985; Erskine, 1985; Andrews, 1986; Gölz, 1990; Benn and Erskine 
1994; Lajczak, 1996; Hadley and Emmett, 1998; Brandt, 2000; Chin et al., 2002; Maingi and 
Marsh, 2002; Batalla et al., 2004; Magilligan and Nislow, 2005; Marston et al., 2005; Phillips et 
al., 2005; Renwick et al., 2005; Richard et al., 2005a, 2005b; Wellmeyer et al., 2005; Gordon 
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and Meentemeyer, 2006; Toniolo et al., 2007). Nearly 100% of the sediment flowing into 
upstream impoundments becomes deposited on the bottom of these artificial lakes. As this 
sediment is no longer transported by flow released from the reservoir, bank erosion and bed 
degradation has been the usual response downstream of large dams. Simultaneously, reductions 
in discharge downstream have often led to decreases in flow width, leading to deposition on 
channel margins and the creation of new floodplain area covered by vegetation growth (Lawson, 
1925; Lane, 1934; Baxter, 1977; Benn and Erskine, 1994; Brandt, 2000; Graf, 2001). The 
combination of downstream erosion and deposition demonstrates the complex, multifaceted 
geomorphological response of rivers to the effects of dams.  
 Despite the past focus on large dams, the majority of dams are small structures that 
extend across the width of a channel, do not create impoundments (i.e. permanent reservoir or 
lakes), and allow water to pass over the dam crest as an uncontrolled flow. Termed "run-of-river" 
dams, many such structures are uncatalogued such that federal and many state agencies do not 
maintain complete information on the existence of such structures (Born et al., 1998; Juracek, 
1999; Shafroth et al., 2002). Flow upstream of run-of-river dams typically remains within the 
channel banks except at the highest discharges. Most of these types of dams were built in the 
1800s and early 1900s to create a low velocity pool upstream to provide sufficient head for water 
supply intakes for mills or manufacturing facilities (Born et al., 1998; Benstead et al., 1999; 
Shafroth et al., 2002; Stanley and Doyle, 2002; Walter and Merritts, 2008). The term "run-of-
river" is not part of the scientific vernacular among fluvial geomorphologists, but is commonly 
used in applied river management. Csiki and Rhoads (2010) provide a definition of run-of-river 
dams, which conforms to the description provided here and which will be used in this 
dissertation.  
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 In contrast to large dams, the effects of run-of-river dams on river form and processes  
have not received much attention from the scientific community. Extant studies are limited, and 
primarily derive from investigations of dam removals in which the pre-existing condition and 
response following removal were documented. Currently, the lack of studies on extant conditions 
makes it difficult for scientists and technical experts to respond to public inquiries regarding the 
potential erosional and depositional responses to run-of-river dam removals. Of particular 
concern is the potential for entrainment and mobilization of sediment stored behind a run-of-
river dam once it is breached or removed, as such processes have been documented both in 
flumes (Cantelli et al., 2004; Wong et al., 2004), and in the field (Doyle et al., 2003; Wildman 
and MacBroom, 2005) at sites where considerable sediment accumulated behind the dam 
(Roberts et al., 2007). The few studies on run-of-river dams that have been conducted indicate 
that sedimentation upstream of these structures ranges from complete infilling of the upstream 
pool,  to minimal accumulation with coarse material on the channel bed, to upstream scour 
(Bushaw-Newton, 2002; Lindloff, 2003; Wildman and MacBroom, 2005; Ashley et al., 2006; 
Orr et al., 2006; Velinsky et al., 2006; Roberts et al., 2007). In at least one case, minimal 
sediment accumulation occurred behind the dam, but pronounced deposition was documented 
about 1 km upstream from the structure (Cheng and Granata, 2007).  
 Despite our limited knowledge about the geomorphological effects of run-of-river dams, 
these structures are attracting increasing attention. During the 1990s, the pace of dam removals 
increased with most removed structures being run-of-river dams as defined here (Pejchar and 
Warner, 2001; Doyle et al., 2005; Graf, 2005). Decisions to remove dams are often motivated by 
multiple and interrelated factors, including public safety hazards posed by abandoned structures, 
many of which are near a century old and in disrepair (Baish et al., 2002; Pohl, 2002;. Orr et al., 
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2004); eradication of impending costs to communities to rehabilitate the aging dams (Poff and 
Hart, 2002); and elimination of barriers to restore fish passage and habitat (Santucci et al., 2005). 
The flow that free falls over the crest of a run-of-river dam is known to produce dangerous 
turbulence at the base of the dam face that can trap and drown people who get caught in it. Such 
drownings have also led to calls for removal. Present and future initiatives for dam removals are 
and will continue to focus on run-of-river structures. Thus, it is important that those responsible 
for removing dams have a sound understanding of the geomorphological effects of these 
structures on rivers to anticipate how removal of a dam may generate geomorphological 
responses.  
 An understanding of how run-of-river dams affect river morphology and sediment 
character downstream is of particular interest. Both the morphology and sediment character will 
be dependent on hydraulic conditions generated by the dam and the influence of these 
conditions, as well as the structure itself, on sediment transport. Thus, a detailed understanding 
of fluvial processes induced or impeded by run-of-river dams is the key to understanding extant 
form and sediment characteristics. To date, the influence of run-of-river dams on flow and 
sediment transport have not been carefully assessed.  The backwater effect produced by these 
structures should diminish with increasing flow stage, resulting in spatial changes in hydraulics 
and sediment-transport capacity upstream and downstream of the dam. At high stage, 
submergence of the dam may generate complex patterns of turbulence that have yet to be 
examined in detail.  Research on the effects of submerged transverse barriers, such as a forward-
facing step (i.e., Pollard et al., 1996; Stuer et al., 1999; Wilhelm and Kleiser, 2002; Marino and 
Luchini, 2009),provides the basis for examining coherent turbulent structures induced by a run-
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of-river dam at high stage. It also can guide inferences about the effects of turbulent flow on 
sediment transport and bed morphology.  
 Modeling is one approach to predicting both the effects of a run-of-river dam on flow and 
sediment-transport capacity and the response of the river to dam removal.  The one-dimensional 
hydraulic model HEC-RAS (Hydraulic Engineering Center River Analysis System) is a 
commonly used river modeling software package developed by the U.S. Army Corps of 
Engineers (2010a, 2010b) that provides a tool to predict the influence of run-of-river dams on 
flow conditions. HEC-RAS has the capability to model flow passing over inline structures within 
a river channel, such as dams, by automatically transitioning between the subcritical and 
supercritical flow (U.S. Army Corps of Engineers, 1994, 1996). It also produces estimates of bed 
shear stress that, when combined with information on the particle size distribution of bed 
material, can be used to evaluate sediment transport potential in a river with a run-of-river dam – 
an approach adopted in this dissertation.  
 
1.2 Research objectives 
 The primary purposes of this research are to examine how run-of-river dams influence 
the morphology, sediment characteristics, and hydraulics of rivers upstream and downstream of 
these structures. This purpose is achieved through geomorphological investigations and 
modeling analyses of four run-of-river dams in Illinois.  Specific objectives include:  
1) examine the existing morphology and sediment characteristics upstream and downstream of 
each run-of-river dam through extensive topographical surveys and sampling and analysis of bed 
materials; 
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2) use the information on channel morphology in HEC-RAS to evaluate, for multiple flow 
stages, hydraulic conditions and bed shear stress distributions upstream and downstream of the 
dams; 
3) use the bed shear stress estimates and information on particle size characteristics of bed 
material to evaluate flow competence at different flow stages  
 Fulfillment of these objectives will contribute to basic understanding of the effects of 
run-of-river dams on river hydraulics and geomorphology. Such understanding will help to 
expand basic knowledge of human impacts on river systems and will also inform river 
management, especially the topic of dam removal. 
 
1.3 Presentation 
 Chapter 2 presents a conceptual framework on dams, both of the impoundment and run-
of-river types, through a review of the literature. This chapter is structured as an individual paper 
reviewing the concepts of impoundment and run-of-river dam impacts on flow hydraulics and 
channel morphology, which has appeared in Progress in Physical Geography (Csiki and Rhoads, 
2010). The presentation of this framework includes a summary of the known effects of dams on 
fluvial systems, including impacts on morphology, sediment character and hydraulics. Most of 
the review of past work focuses on impoundment dams, given the large number of studies of 
these structures. A definition of a run-of-river dam is presented, which forms the basis for the 
selection of sites and analysis of data in this dissertation. This chapter also includes a discussion 
of both the scientific and policy aspects of dam removal to provide an applied framework for the 
research in this dissertation. 
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 Chapter 3 introduces the regional physiographic and human setting of the Till Plains 
section of the Central Lowland physiographic province in which the dams for this dissertation 
are located. The chapter also presents similar information on subdivisions of the Till Plains 
within Illinois to identify features on the landscape more local to, and having potential influence 
upon, the dams included in this study. A summary of regional climate is provided, which is then 
followed by more detailed physiographic descriptions of the individual watersheds that contain 
the dams, including geologic setting, soils, vegetation and land use, and historical information on 
each of the dams. The chapter concludes by summarizing hydrological information on each of 
the sites. 
 Chapter 4 presents an overview of the extent to which the dams produce discontinuities in 
channel morphology and sediment characteristics upstream and downstream of the dams. This 
chapter is organized as a standalone paper to be submitted for publication. It provides an 
overview of the problems posed in terms of channel morphology and sediment character by the 
presence of run-of-river dams and summarizes the materials and methods to collect data on 
channel morphology, to obtain sediment samples in the field, to process the sediment samples 
and cores in the laboratory, and to analyze the data statistically. Following the presentation of 
methods, the results are described individually for each of the four dam sites, including 
comparisons of morphological and sedimentological parameters upstream and downstream of the 
dam, and upstream of the dam and the reference site further upstream. Plots are presented of how 
channel width, depth and sediment character vary with distance from each dam. The discussion 
section of the chapter discusses the results in the context of the extent to which these run-of-river 
dams create discontinuities in river processes by trapping sediment and altering channel 
morphology and sediment characteristics upstream and downstream of the dams. Lastly, findings 
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are also related to findings for impoundment dams and to the conceptual model presented in 
Chapter 2 on the flow hydraulics created by run-of-river dams. 
 Chapter 5 offers a summary of the reasons for use of HEC-RAS to evaluate the spatial 
variation in hydraulic conditions and the possibilities for sediment transport, overview and 
description of HEC-RAS software, including the conceptual and hydraulic assumptions upon 
which it is built, how it may be used to model the presence of dams in a river channel through 
utilization of two methods by which a dam may be represented in a HEC-RAS hydraulic model, 
including the setup for the modeling of dams in this dissertation. This chapter is structured as an 
individual paper to be submitted to a journal. The output of the HEC-RAS model run for each 
dam are shown in the results section, including graphical and tabular data of water surface 
elevations at varying flow discharges for each of the two methods by which the presence of a 
run-of-river dam may be represented. Comparisons of the differences in water surface elevations 
between the two methods of representation are then shown and discussed. The chapter concludes 
by evaluating the ability of HEC-RAS to accurately model the presence of run-of-river dams and 
offer suggestions for future research on this topic.  
 As with Chapters 4 and 5, Chapter 6 is prepared as a standalone chapter for later 
submission to a journal for publication. This chapter introduces the necessary framework for bed 
and critical shear stress and their relationship in the establishment of bed sediment mobility 
thresholds. The methods by which bed shear stresses are determined for each cross-section at 
each dam from the HEC-RAS output are then described and defined, together with how the 
critical shear stress of the bed sediment, based upon the sediment samples collected, was 
evaluated to analyze flow competence. Results from these analyses are presented to identify how 
bed shear stress varies with flow discharge, and longitudinally, at each dam; the critical shear 
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stress values derived from the collected bed sediment samples; and from these, an estimation of 
flow competence. The chapter concludes by discussing the similarities and differences in results 
among the dam sites, the implications of the findings for future studies of run-of-river dams and 
for the engagement of dam removals, plus directions for future research.  
 Chapter 7 reviews the research and offers suggestions for future research. The findings 
and merits of this dissertation research to (1) an increased understanding of the effects of run-of-
river dams upon channel morphology and sediment character; (2) an enhanced comprehension of 
the effects of run-of-river dams on flow hydraulic and sediment mobility; and (3) an assessment 
of flow competence and its implications for sediment transport at run-of-river dams in low 
gradient stream systems. Finally, key outcomes and limitations of this study are identified and 
suggestions for future research are proffered. 
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CHAPTER 2 
 
 
CONCEPTUAL FRAMEWORK 
 
 
2.1 Introduction 
Dams have been constructed by humans since the dawn of civilization to achieve water 
resource management goals, including, but not limited to, water storage for irrigation and supply, 
reduction of downstream flooding, and the provision of electricity (Baxter, 1977; Collier et al., 
1996; Graf, 2001; Poff and Hart, 2002). Within the United States, there are over 75,000 
catalogued dams greater than 1.8 m tall, and most watersheds greater than 2000 km2 contain 
dams (Graf 1999, 2001; Pejchar and Warner, 2001; Poff and Hart, 2002). A significant 
proportion of catalogued dams create large impoundments, i.e. artificial lakes or ponds that 
inundate river valleys upstream, and the effects of these large structures on river geomorphology 
are well-documented. Impoundment dams alter the natural flow and flood regimes of a river, 
resulting in accumulation of sediment upstream within the impoundment and channel erosion 
downstream of the dam (Christiansson, 1979; Kashef, 1981; Galay, 1983; Neil and Mazari, 
1993; Baish et al., 2002; Graf, 2005). Sediment accumulation gradually reduces impoundment 
capacity – an issue that will present future challenges in dam management. Downstream of dams, 
enhanced scour and floodplain incision are often observed as the sediment-starved river entrains 
bed material equal to its carrying capacity.  
 Recently, increasing attention has focused on small dams where water flows freely over 
the face of the structure, often referred to as “run-of-river” dams, but also known as weirs or 
“overflow” dams (Born et al., 1998; Juracek, 1999; Shafroth et al., 2002). Such dams differ from 
what are referred to here as “impoundment dams” in which water levels upstream of the structure 
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are maintained below the crest of the dam by controlled or uncontrolled releases through 
spillways. The term run-of-river dam is not a scientific one, but is a commonly accepted phrase 
in the applied river management community. Removal of run-of-river dams began occurring in 
the 1990s, and the pace of removals of these structures is expected to increase in the near future 
(Pejchar and Warner, 2001; Doyle et al., 2005; Graf, 2005).  Growing scientific interest in dam 
removal has led to increasing use of the term run-of-river dam in the scientific literature.  
 Motivation for removal of small, run-of-river dams is  in part related to public-safety 
concerns, especially in the light of numerous drownings that have occurred downstream of these 
structures (Baish et al., 2002; Johnson and Graber, 2002; Pohl, 2002; Orr et al., 2004; Tschantz 
and Wright, 2011). Run-of-river dams generally are in a state of deterioration due to many years 
of neglect, increasing the potential for loss of life and property downstream in the event of 
failure (Pejchar and Warner, 2001). Dam removal can eliminate liability for dam owners and 
avoid the costs required to renovate these structures (Born et al., 1998).  Ecological 
considerations are also influencing decisions about dam removal.  Small dams are viewed as 
barriers to the movement of aquatic organisms, disrupting the connectivity of aquatic ecosystems 
(Santucci et al., 2005).  The removal of these structures eliminates barriers and restores 
ecological connectivity (Catalano et al. 2007; Stanley et al., 2007; de Leaniz, 2008).  
 Because run-of-river dams are increasingly being considered for removal, it is important 
to understand how structures in existence for many years have influenced river morphology and 
sedimentology. It is equally important to document fluvial responses to removals. However, 
studies of run-of-river dams by geomorphologists prior to removal are few and at many sites 
where removals have occurred, geomorphological studies have not been conducted.  
Consequently, considerable uncertainty exists regarding the potential morphological and 
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sedimentological effects of removals of run-of-river dams. To reduce uncertainty, 
geomorphological studies are needed to document the effects of in situ dams as well as dam 
removals in various geographic settings. Such investigations will enhance understanding of how 
rivers respond to run-of-river dams and to removal of these structures. The purpose of this paper 
is to help guide future research by: 1) reviewing current knowledge regarding the influence of 
run-of-river dams on hydraulics and channel morphology; 2) summarizing what has been learned 
about how rivers respond to removal of run-of-river dams; and 3) identifying critical research 
needs related to run-of-river dams and river geomorphology. Literature pertaining to large 
impoundment dams is summarized to provide a context for a discussion of run-of-river dams, but 
is not treated extensively. Although run-of-river dams and the removal of these dams can have a 
pronounced influence on river ecology (i.e., Kashef, 1981; Morita and Yamamoto, 2002; Sethi et 
al., 2004; Lorang and Aggett, 2005; Burdick and Hightower, 2006; Orr and Koenig, 2006; Hall 
et al., 2011), the focus of this paper is on hydraulic and geomorphological effects. 
 
2.2 Impoundment dams: a context for run-of-river dams 
 The body of literature documenting the effects of large impoundment dams on rivers is 
extensive (i.e., Lawson, 1925; Lane, 1934; Galay, 1983; Chien, 1985; Erskine, 1985; Andrews, 
1986; Benn and Erskine, 1994; Al-Ansari and Rimawi, 1997; Hadley and Emmett, 1998; Brandt, 
2000; Chin et al., 2002; Maingi and Marsh, 2002; Batalla et al., 2004; Phillips et al, 2005; 
Richard et al., 2005a, 2005b; Wellmeyer et al., 2005; Gordon and Meentemeyer, 2006), and only 
a summary is provided here to provide a context for an overview of the effects of run-of-river 
dams on fluvial systems.  Impoundment dams incorporate mechanisms to regulate flow (e.g. 
spillways) and, combined with their size, create large reservoirs or artificial lakes upstream 
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(Baxter, 1977; Kelly, 2001; Poff and Hart, 2002). In the United States, these dams comprise the 
majority in the National Inventory of Dams (NID), and have reservoirs covering approximately 
three percent of the land surface (Collier et al., 1996; Dixon, 2000; Pejchar and Warner, 2001).  
Residence times of stored water can range from less than 40 days for relatively small 
impoundments to many years for the largest reservoirs (Baxter, 1977; Petts, 1984; Kelly, 2001). 
 Impoundment dams have pronounced effects on river geomorphology both upstream and 
downstream (Figure 2.1). The decrease in water velocity as a river enters the upstream end of a 
reservoir results in deposition at this location (Lawson, 1925, Gölz, 1990, Lajczak, 1996, 
Marston et al., 2005, Renwick et al., 2005). Generally, the trap efficiency for incoming bed-
material load is 100% (Toniolo et al., 2007).  As a result, a delta forms that progrades into the 
reservoir with continued sediment input and deposition of coarse sediment onto the expanding 
delta topset and avalanching foreset (Lajczak, 1996; Cantelli et al., 2004; Toniolo et al., 2007). 
Fine material that enters a reservoir suspended in the water column is transported beyond the 
foreset toe to create bottomset layers. Thus, the classic pattern of deposition upstream of a large 
dam consists of a wedge of relatively coarse deltaic sediment at the head of the reservoir, 
comprised of incoming bed material load, and uniformly distributed fine material throughout the 
reservoir consisting of incoming wash load (Figure 2.1) (Morris et al., 2008). Turbidity currents, 
or sediment-laden density currents, can redistribute fine sediment on the bottom of deep 
reservoirs, resulting in thick deposits of fine material in the deepest parts of the reservoir and 
immediately behind the dam (Toniolo et al., 2007; Morris et al., 2008). Sustained turbidity 
currents can travel long distances downstream. The front of a turbidity current that reaches the 
dam face will be reflected upstream, creating a hydraulic jump at the interface between 
sediment-laden fluid near the bed and overlying clear water (Toniolo et al., 2007). If the 
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elevation of this interface is located below the dam spillway elevation, the trap efficiency will 
equal 100%, as no fine material can be transported out of the reservoir. Through time, as the 
reservoir fills with sediment, the elevation of the interface elevation between clear and turbid 
water will rise above the spillway elevation, resulting in a trap efficiency of less than 100% 
(Toniolo et al., 2007).   
 Downstream of large dams, the release of sediment-starved water often leads to bed and 
bank scour (Lane, 1934; Priest and Shindala, 1969, Baxter, 1977; Rahn, 1977; Petts, 1979; 
Galay, 1983; Williams and Wolman, 1984; Brandt, 2000; Graf, 2001; Magilligan and Nislow, 
2005; Sabo et al., 2012) (Figure 2.1). This response reflects entrainment of sediment from the 
channel perimeter as the river reestablishes a sediment load that matches its transport capacity. 
Channel narrowing or reductions in channel size are not uncommon downstream of large dams 
because of the attenuation of large peak flows and subsequent encroachment of vegetation onto 
exposed surfaces near the channel margins, thereby expanding the extent of the floodplain 
(Lawson, 1925; Lane, 1934; Baxter, 1977; Benn and Erskine, 1994; Brandt, 2000; Graf, 2001). 
However, cases of channel widening downstream of large dams have also been documented 
(Chien, 1985; Brandt, 2000). The morphological response can propagate downstream many 
kilometers (Phillips et al., 2005). This propagation continues until system equilibrium is 
reestablished (Williams and Wolman, 1984). On the Missouri River downstream of Gavins Point 
Dam, considerable degradation has occurred over the remaining 1290 km to the confluence with 
the Mississippi River. The downstream erosional response is a function mainly of the 
competence and sediment transport capacity of the range of flows in the downstream channel 
after closure of the dam. While the general response is similar, regional differences in river 
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characteristics, climate and rules governing flow releases can yield site-specific differences in 
details of the response (Williams and Wolman, 1984). 
 
2.3 Run-of-river dams 
 Although the term “run-of-river dam” does not have a precise scientific definition, it is 
frequently encountered in the vernacular of debate about dam management and safety, and is a 
conventionally used term in the applied river-restoration community.  In the United States, 
examples of typical descriptions include those by the Pennsylvania Fish and Boat Commission, 
the Illinois Department of Natural Resources, and the New Hampshire Department of 
Environmental Services (Table 2.1).  In this paper, a run-of-river dam is defined as a structure 
that extends across the width of a stream or river channel, has no mechanism inhibiting discharge 
of flow over the dam, and is of a height that generally does not exceed the elevation of the 
channel banks upstream, i.e. water stored upstream at base flow is contained within the river 
channel (Figure 2.2).  Typically, the hydraulic head upstream and downstream of a run-of-river 
dam is small (less than a few meters) and residence times of water stored within the upstream 
channel is short (a few minutes or hours) (Poff and Hart, 2002; Ashley et al., 2006). Although 
the definition presented here is not proposed as definitive, it is consistent with definitions already 
in use (Table 2.1).  Because the structure is lower than the channel banks, a run-of-river dam can 
become completely submerged at high stages. The banks upstream may represent a natural 
bankfull channel (Riley, 1972), but for purposes of considering the effects of run-of-river dams 
on river hydraulics and geomorphology, any situation where the channel banks upstream, even if 
artificial, exceed the height of a structure with water flowing over it will conform to the 
designation. 
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 Often it is difficult to determine whether a structure identified as “run-of-river” conforms 
to the definition provided here because of a lack of detailed information on the characteristics of 
the dam.  The term run-of-river dam is often used interchangeably with the term low-head dam, 
even though many low-head dams have spillways, maintain water levels upstream that are below 
the crest of the dam, and create impoundments that inundate the upstream channel at base flow.  
Limited descriptions do not always clearly indicate whether water flows directly over a dam or 
whether the dam has a spillway that regulates upstream water levels. Similarly, the term 
reservoir may be used to describe the reach upstream of a dam referred to as run-of-river, yet it 
may not be clear whether the reservoir represents a feature that extends beyond the channel 
boundaries at normal pool level or is a backwater region contained within the upstream channel. 
Such distinctions are important because impoundment dams, i.e. those with spillways and 
reservoirs that inundate the upstream river channel, have systematically different hydraulic 
effects and, most likely, geomorphological effects on a river, than run-of-river dams. 
Inconsistency in the use of the term “run-of-river” creates problems for comparing scientific 
results across multiple studies or applying scientific findings to dam management. An accepted 
definition, such as the one presented in this paper, would lessen confusion. 
Many run-of-river dams in the United States were built in the 1800s and early 1900s to 
create local backwater conditions within river channels to support water intakes for mills, 
industrial plants, and, in some cases, municipal water supply (Born et al., 1998; Benstead et al., 
1999; Shafroth et al., 2002; Stanley and Doyle, 2002). These dams are concentrated in the 
eastern and Midwestern sections of the country. There is no nationwide inventory in the United 
States cataloging run-of-river dams (i.e.,Orr et al., 2004), and many rivers that are regarded as 
“undammed” likely contain small dams of this type (Lenhart, 2000). The attitude toward 
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management of these structures has been one of neglect and abandonment; many are in a state of 
deterioration and in need of repair (Born et al., 1998; Graf, 2001; Pejchar and Warner, 2001; 
Bowman, 2002; Doyle et al., 2002; Johnson and Graber, 2002; Lindloff, 2003; Orr et al., 2004; 
Pearson et al., 2011).  Several options can be pursued for a deteriorating dam, including repair of 
the structure, perhaps in concert with a stream restoration project, partial removal in the form of 
a dam breach, complete dam removal, or staged removal that spans a period of several years 
(American Society of Civil Engineers, 1997; Downs et al., 2009). The choice depends on a 
variety of factors including costs of repair versus removal, public safety concerns, 
recreational/aesthetic benefits, and any necessary sediment management requirements. In the 
United States, removal is often a cheaper solution compared to repair and long-term 
maintenance. Consequently, municipalities are increasingly considering removal as an option to 
manage deteriorating dams and avoid costs of repair (Born et al., 1998; Pohl, 2002). In other 
countries, such as the United Kingdom, dams are often repaired and restored so that 
impoundments and surrounding terrain may be returned to historical, aesthetically pleasing 
conditions (Sheffield UK City Council, 2006). These projects are often components of urban 
renewal programs (Doncaster Council UK, 2002).  Policy issues related to dam management will 
not be discussed in this paper, as this topic has been reviewed previously (Born et al., 1998; 
Pejchar and Warner, 2001; Baish, et al., 2002; Bowman, 2002; Orr et al., 2004).   
 Virtually all of the literature on fluvial responses to run-of-river dams is associated with 
studies undertaken during dam removals. Review of this literature provides only a limited basis 
for determining how run-of-river dams cause alterations to the fluvial system, since so few 
effects have been documented. Moreover, although the basic hydraulic effects of run-of-river 
dams on rivers are well known, few studies have examined these effects in detail. In particular, 
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changes in patterns of turbulence and flow structure upstream, at, and downstream of such dams 
as water stage varies are poorly understood.  Because patterns of erosion and deposition are 
strongly influenced by hydraulics, geomorphological effects of run-of-river dams cannot be fully 
characterized without detailed knowledge of hydraulic effects.  The following sections examine 
what is known about the hydraulic effects of run-of-river dams, how detailed studies of flow 
structure over dam-like obstacles may provide insight into these effects, and how hydraulic 
effects likely influence erosion and deposition upstream and downstream of these dams.  It also 
points to future directions for geomorphological research on run-of-river dams. 
 
2.3.1 Hydraulic effects 
Run-of-river dams represent barriers to flow that extend across the entire width of a river 
channel.  Although the general effects of run-of-river dams on river flow are well-known, 
surprisingly few scientific studies have explored these effects in detail through field 
investigations, physical experiments or numerical modeling. A thorough understanding of the 
effects of run-of-river dams on river geomorphology depends on a systematic understanding of 
the effects of these dams on hydraulic conditions. A conceptual model of the hydraulic effects of 
run-of-river dams can be assembled from previous research on flow past transverse obstacles and 
over channel steps or weirs. 
 The main hydraulic effect upstream is to produce a pool of low-velocity water behind the 
dam.  Usually this effect is the main purpose of the dam.  By locally increasing the elevation of 
the water surface, particularly during periods of low flow, the dam provides sufficient hydraulic 
head to power water wheels or turbines and also ensures that depths are adequate for water 
intakes.  The effect of the dam on the water-surface profile extends upstream in the form of a 
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backwater curve.  The shape of the profile caused by a dam has the form of an M1 backwater 
curve (Chow, 1959), or one in which the elevation initially changes slowly over distance (i.e. is 
relatively flat) and then increases more rapidly farther upstream (Figure 2.3). The spatial extent 
of the backwater effect for a given flow stage depends on the ratio of the dam height (P) to the 
gradient of the river. The higher the dam and the flatter the river profile, the farther upstream the 
backwater effect will extend.   
 Details of flow over a dam depend somewhat on the exact shape of the dam crest with the 
most common shapes including flat, broad crests and ogee (gently upward-curved) crests 
(Gonzalez and Chanson, 2007; Tullis and Neilson, 2008; Lv et al., 2011). Some dams have also 
been built with overhanging crests. The sharp crest is another type usually associated with small 
weirs or with laboratory studies (Bagheri and Heidarpour, 2010; Lv et al., 2011). Most analyses 
of flow hydraulics typically assume that the dam is a sharp-crested structure relative to the scales 
of flow upstream and downstream.  
        Flow over a dam is an archetype of rapidly varied flow. Water spills over the crest and 
either free falls into the water downstream or flows down the steep face of the dam as a thin, 
high-velocity sheet of water. The abrupt increase in velocity and decrease in depth at the dam 
crest changes the Froude number from Fr < 1 to Fr > 1, or a transformation from subcritical to 
supercritical flow (Frenette and Munteanu, 2005; Gonzalez and Chanson, 2007; Tokyay and 
Yildiz, 2007). Downstream of the dam flow depth increases and velocity decreases producing a 
return to subcritical conditions (Fr < 1).  
 Flow over a dam can be viewed as a type of weir flow in which various hydraulic states 
may exist immediately downstream of the dam, depending on flow stage and tailwater conditions 
(Figure 2.4).  This behavior is defined by the degree of submergence (Sm):  
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where Y2 is the subcritical sequent depth of an hydraulic jump located immediately downstream 
of the nappe toe and Yt is the actual sequent depth of the tailwater (i.e, the actual water depth at 
the location where the subcritical sequent depth should occur for a hydraulic jump immediately 
downstream of the nappe toe) (Leutheusser and Fan, 2001).  Thus, for Sm< 0 the jump is swept 
downstream as a “swept-out” jump (Figure 2.4a); for Sm = 0, the jump is located at the nappe toe 
– what is commonly referred to as an “optimal” jump in terms both of location and energy 
dissipation (Figure 2.4b); and for Sm> 0 the jump is submerged, i.e. there is no surface 
expression of the hydraulic jump (Figure 2.4c).  Based on an analysis of weir flow, Leutheusser 
and Birk (1991) developed a relation for the required relative height of an overflow structure to 
ensure formation of an optimal hydraulic jump (Sm = 0).  Their analysis indicated that, for low 
Froude numbers of the downstream flow (Fr2 < 0.4), the required dam height is strongly 
dependent on Fr2: 
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The value of Fr2, including the tailwater depth (Yt), is dependent mainly on the flow rate and 
characteristics of the downstream channel.  In low-gradient channels, Fr2 will often be quite 
small over a broad range of flow conditions. Equation 2.2 indicates that if Fr remains small as 
tailwater depth (Yt) increases, the required height of the dam to maintain an optimal hydraulic 
jump also increases.  Thus, for a low Fr2, optimal hydraulic jumps may occur for shallow flows, 
but will be increasingly difficult to maintain as tailwater depth increases. As a result, many 
hydraulic jumps downstream of dams are submerged, i.e. they are not visible as a change in the 
elevation of the water surface. 
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Submerged hydraulic jumps lead to the development of a strong forced vortex 
immediately downstream from the dam (Figure 2.4). Near the bed the plunging flow continues 
downstream, but above this region water moves back toward the face of the dam. The near-
surface countercurrent can be quite strong; for mild submergence, magnitude can be as much as 
one-third of the supercritical inflow velocity of a corresponding unsubmerged jump (Leutheusser 
and Fan, 2001).  This pattern of water motion at the base of the dam is popularly referred to as a 
“hydraulic” (Leutheusser and Birk, 1991), whereas in the scientific and technical literature it is 
known as a jump roller (Valle and Pasternack, 2006b; Wyrick and Pasternack, 2008).  Shear 
stress is maximized within these rollers (Moss, 1972; Cuthbertson et al., 2004). The strong 
recirculating flow can trap boats and people, submerging them and pinning them against the base 
of the dam (Hotchkiss, 2001).  The highly aerated turbulent flow in a submerged jump, or 
spilling breakers, contributes to this effect by reducing buoyancy (Valle et al., 2006a; Rodriguez-
Rodriguez et al., 2011).  This dangerous combination of conditions has led to a large number of 
drownings at run-of-river dams.  Consequently, run-of-river dams have been labeled “drowning 
machines” and public pressure to remove dams is often related to this safety concern, especially 
if drownings have already occurred at a particular structure (Minnesota Department of Natural 
Resources, 2008). 
 Because the height of a run-of-river dam does not exceed the elevation of the channel 
banks, submergence of the dam is possible as flow approaches and exceeds a discharge that 
overtops the channel banks. Submergence of the dam itself (as opposed to a downstream 
hydraulic jump) can be defined by the ratio Y0/Yt, where Y0 is the total depth of flow upstream 
of the dam (P + H, Figure 2.4c), and where H is the height of the water above the dam crest 
(Leutheusser and Fan, 2001). As this ratio decreases, the degree of submergence increases.  
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Understanding how a submerged dam influences hydraulic conditions is important because most 
sediment transport, particularly the transport of bed-material load, is likely to occur at high 
stages, not at low stages where effects of the dam on the flow are well known.  Patterns of 
erosion and deposition upstream and downstream of a run-of-river dam should predominantly 
reflect the influence of flows that transport large amounts of bed-material load.   
 Upstream of a dam, increasing submergence will result in a diminishing backwater effect 
(Figure 2.3).  The spatial extent of the pooled water will progressively decrease as the point of 
inflection of the concave-upward water-surface profile migrates toward the dam. The result will 
be propagation of high velocity flow and bed shear stress toward the dam. When the dam is not 
fully submerged (Y0/Yt>> 1), standing waves will be present in the flow downstream (Figure 
2.4d). When the dam is fully submerged (Y0/Yt ≈ 1), it will produce little or no backwater effect 
and flow over the structure will be controlled by downstream channel conditions (Figures 2.3 
and 2.4e).    
 Few, if any, studies have examined hydraulic conditions immediately behind a run-of-
river dam when it is submerged, but flow here should be similar to flow behind a forward-facing 
step, i.e. traverse barriers on the bed of a channel facing upstream into the direction of the flow 
(Abu-Mulaweh, 2002; Wilhelm et al., 2003). Behind such a step, a region of separated flow 
develops that directs flow streamlines up toward the surface and over the step (Pollard et al., 
1996; Stuer et al., 1999; Wilhelm and Kleiser, 2002; Wilhelm et al., 2003; Marino and Luchini, 
2009) (Figure 2.5).  The size of the separation zone depends on the relative submergence of the 
obstacle and the Reynolds number of the approaching flow, but in general it is between 0.3P and 
0.85P in height and extends upstream from the obstacle a distance of about 1 to 3 P, where P is 
the height of the obstacle. Detailed work on the characteristics of flow separation caused by a 
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forward-facing step indicates that the separation bubble is not a two-dimensional feature with 
closed streamlines (i.e., internal recirculation only), but instead is three-dimensional with open 
streamlines (Pollard et al., 1996; Stuer et al., 1999).  Fluid from the overlying freestream is 
entrained into open vortices in the separation region; these vortices also eject fluid out of the 
separation region into the overlying freestream. Fluid above the separation region moves up and 
over the step and also contains concentrated zones of high-speed fluid in the form of vortical 
streaks (Figure 2.5).  The intensity of entrainment, spiral motion, and streak-like ejections 
depends on the Reynolds number of the flow approaching the step. 
For relatively moderate amounts of submergence, a sharp increase in the water-surface 
profile will occur at the dam and flow will still go through a transition from subcritical to 
supercritical to subcritical conditions with a submerged hydraulic jump downstream of the dam 
(Figures 2.3 and 2.4a-c). At a critical level of submergence around Y0/Yt ≈ 1.15 the jump roller 
disappears, flow becomes wholly directed downstream, and standing waves appear at the surface 
(Leutheusser and Fan, 2001; Figure 2.4d). This relation can also be expressed as hd/Hs ≈ 0.16 
where hd is the sum of the head loss and velocity head downstream of the dam and Hs is the 
specific head upstream of the dam relative to the dam crest (Wyrick et al., 2008).  
 As the dam becomes increasingly submerged (Yo/Yt  ≈ 1) (Figure 2.4e), flow over it 
becomes analogous to flow over a horizontal ledge or transverse rib (Werner and Wengle, 1989; 
Zeidan and Djilali, 1996; Abdalla et al., 2007; Liu et al., 2008). Upstream of the dam, hydraulic 
conditions will still reflect fluid motion at a forward-facing step, i.e. a region of open 
recirculation will exist here. However, flow over the dam may detach from the crest and form a 
region of flow separation in the lee of the dam (Figure 2.4e). Near-bed flow within this 
separation zone is directed toward the face of the upstream obstacle (i.e. the dam), and an 
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internal shear layer separates the upper boundary of the separation zone from the overlying 
freestream flow. Reattachment length of the shear layer bounding the separation zone varies 
from 5P to 17P downstream of the obstacle crest, but vortices shed from the crest into the 
bounding shear layer may be quite large, and separation may be unsteady, resulting in complex 
patterns of turbulent fluid motion downstream of a transverse obstacle such as a submerged run-
of-river dam (Abdalla et al., 2007). 
 
2.3.2 Hydraulics-induced geomorphological effects 
2.3.2.1 Effects upstream and downstream of run-of-river dams 
 Few studies have examined sediment storage upstream of run-of-river dams and 
considerable uncertainty exists about the capacity of such dams to trap sediment.  The trap 
efficiency, or fraction of the total incoming sediment load retained by a reservoir, is a function of 
the settling velocity of sediment particles and the retention time of water containing suspended 
sediment within the reservoir (Verstraeten and Poesen, 2000).  Such a perspective on reservoir 
trap efficiency assumes that hydraulic conditions within the reservoir are steady and have little or 
no capacity to entrain and transport sediment. Under these conditions, the primary factor 
affecting sedimentation is whether particles of particular sizes will settle out of the water column 
before the flow within which they are suspended exits the reservoir. Obviously this model is 
hardly applicable to run-of-river dams, which have short retention times and variable hydraulic 
conditions with changing stage.  
At low stages, the backwater effect created by run-of-river dams should produce a pool 
within the upstream channel analogous to an impoundment behind a large dam (Ramireddygari 
et al., 2000; Stanley and Doyle, 2002). The backwater effect will result in a reduction of flow 
25 
 
velocities and sediment-transport capacity that promotes deposition of sediment beginning at the 
upstream end of the backwater reach and extending downstream (Vanoni, 2006).  As flow stage 
increases the inflection point in the water surface profile will migrate toward the dam (Figure 
2.3), and thus the upstream spatial extent of the zone of backwater will progressively diminish. 
As a result, high velocities and bed shear stresses will propagate toward the dam and material 
deposited at lower stages may be progressively mobilized. When the dam is fully submerged, 
only portions of the flow immediately upstream and downstream of the dam will be affected by 
the structure, which acts like a local submerged obstacle on the channel bed. Under these 
conditions, transport of fine suspended sediment should be unimpeded with this material moving 
over the crest of the dam.  The fate of incoming bed-material load will depend on the extent to 
which hydraulic conditions behind the dam are capable of moving coarse material up into the 
flow and over the dam.  The discussion of flow behind a forward-facing step indicated that fluid 
motion in this region can contain high-velocity streaks of turbulent fluid that move up and over 
the step. The existence of such streaks behind a submerged dam have yet to be verified, but if 
present, these coherent turbulent structures may be capable of moving upstream bed material 
over the dam crest, depending on the competence and transport capacity of the streaks relative to 
the particle size distribution of the bed-material load.  
Because the extent to which a run-of-river dam impedes flow is dependent on water 
stage, the trap efficiency of this type of structure will likely vary considerably over the range of 
hydrologic variability of the river on which it is located.  The spatial extent of the zone of 
sediment trapping, and presumably the amount of sediment trapped, will be dynamic, changing 
with variations in flow stage.  The net effect of this dynamic variability in trap efficiency 
remains poorly understood.  Sediment storage behind run-of-river dams is likely to vary widely, 
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depending on the degree of hydrological variability, the sediment supply, the competence and 
capacity of river hydraulics to transport sediment over the dam, the caliber of the bed-material 
load, and the height of the dam, which also directly influences the residence of time of water 
upstream of the dam.    
As flow cascades over a run-of-river dam, the power of plunging turbulent flows and 
associated hydraulic rollers at the dam base can lead to intense scour. In an experimental study, 
Chen and others (2005) demonstrated that the scour depth downstream of a dam in a laboratory 
channel with a mobile bed extended to the base of the flume in some test runs. Factors that 
influenced the downstream spatial extent of basal scour included bed material composition, dam 
geometry, and the critical flow velocity necessary for initiation of particle motion. The plunging 
flow can exert tremendous erosional force on the channel bed (Bollaert and Schleiss, 2003) and 
most run-or-river dams include aprons of concrete that extend several meters downstream to 
protect the base of the dam from being undermined by scour. 
 The net effectiveness of the dam to trap sediment will influence channel erosion 
downstream of the dam because this erosion is largely the result of reduced sediment loads. In 
cases where a run-of-river dam does cause sediment storage upstream, downstream erosion may 
occur, but will depend on the quantity of sediment trapped. If a run-of-river dam does not trap 
much sediment, the subsequent downstream effects will be minimal. Where erosion does occur, 
sediment derived from the channel bed and banks will become equal to the sediment transport 
capacity at a set distance downstream of the dam, i.e. the “distance of concentration recovery” 
(Chien, 1985).  Over this distance, which will depend on the trap efficiency of the dam, the 
erodibility of the bed and banks, and hydraulic conditions downstream of the dam, considerable 
channel erosion can occur.  Run-of-river dams probably have variable trap efficiencies, 
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periodically allowing sediment to pass downstream. Consequently, both downstream channel 
degradation and the distance of concentration recovery should be less than for a large 
impoundment dam. 
 
2.3.2.2 Field observations of sediment storage and morphology 
Field data on sediment storage upstream of run-of-river dams and on the morphological 
effects of these dams are difficult to identify in the literature.  The most prevalent investigations 
focus on dam removals, but many of these studies, upon close inspection, have not examined 
run-of-river structures as defined here, but instead document the effects of small impoundment 
dams.  
 Recent work on mill dams, tens of thousands of which were built throughout the eastern 
United States between the 17th and 19th centuries, provides an example of the difficulty in clearly 
differentiating between run-of-river dams and dams with heights that exceed the elevation of the 
channel banks upstream. This work strongly suggests that the abundance of mill dams induced 
widespread regional transformations of stream-channel and floodplain characteristics (Walter 
and Merritts, 2008).  Prior to settlement, streams consisted mainly of small anabranching 
channels with vegetated wetlands.  After settlement, the abundance of dams along individual 
streams led to widespread sedimentation behind these structures.  Distinct wedges of fine-
grained sediment formed behind the dams, which extended across entire valley bottoms, with the 
thickness of the wedges decreasing upstream.  Backwater-induced aggradation buried the 
original anastomosing channels, in many cases raising the height of the depositional wedges to 
the height of the dam (2.5 to 3.7 m above the height of the original channels).  Although such 
dams were low, the fact that they extended across valley bottoms and led to aggradation that 
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buried pre-existing channels indicates that such dams were not run-of-river structures as defined 
here or by the state of Pennsylvania, where the work by Walter and Merritts (2008) was 
conducted. Over the past 100 years, breaching of the dams has led to incision of streams into the 
aggradational wedges, producing narrow deep channels with gravel beds flanked by fill terraces 
that increase in height downstream toward the tops of breached dams. The result is high rates of 
bank erosion associated with reworking of the accumulated sediment by modern streams 
(Pizzuto and O'Neal, 2009).  Walter and Merritts (2008) mention that more recent dams, 
typically constructed in the late 1800s to early 1900s, were constructed within incised channels 
near the site of breached mill dams and that many of these second-generation dams have also 
been breached.  These newer dams likely are referents for the Pennsylvania definition of run-of-
river dams (Table 2.1) since their crests presumably do not extend above the height of the 
flanking fill terraces.      
  In surveying the literature, a few studies can be identified that unambiguously meet the 
criteria for a run-of-river dam as defined in this paper. A summary of these past studies is 
provided in Table 2.2. Although the number is small, these investigations indicate that varied 
amounts of sediment storage can be expected behind such dams. In some cases, partial or 
complete infilling by fine sediment occurs behind the dams, whereas in others minimal 
sedimentation can be detected and the bed material upstream is relatively coarse.  For example, 
little or no sediment accumulation was observed upstream of a dam in New Hampshire prior to 
removal (Lindloff, 2003), while up to 1 m of accumulation was noted upstream of a dam in 
Connecticut (Wildman and MacBroom, 2005). The dam in Connecticut was 2 m high, and the 
quantity of sediment stored within the upstream pool was less than originally expected for a dam 
of that height. Interestingly, scour up to 2 m deep was observed in the thalweg within the pool, 
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which suggested entrainment by previous floods and partial dam failures at the site. A similar 
lack of sediment accumulation in the upstream pools was found at sites in Ohio (Table 2.2). In 
contrast, the pools upstream of two dams in Wisconsin filled with sand and silt to a quantity in 
which further sediment retention capacity became limited (Orr and Koenig, 2006).  
Several factors related to the characteristics of the dam may influence trap efficiency and 
should be carefully documented in future studies.  Old structures are often timber crib/rock fill 
dams that, particularly if they are deteriorating, may “leak” water and fine sediment downstream.  
Concrete structures are less likely to be permeable, but trap efficiency can be compromised if the 
dam is cracked or partially breached.  Some dams, especially concrete structures, may contain 
sluice gates to pass sediment downstream and prevent it from accumulating upstream.  Also, the 
study of the Manatawny Creek dam in Pennsylvania suggests that at least in some cases pools 
upstream of run-of-river dams may occasionally be dredged.  In low-gradient streams, 
sedimentation may occur far upstream from a run-of-river dam; the work by Cheng and Granata 
(2007) on St. John’s Dam indicates that trapping of sediment may be confined to the upstream 
end of the normal backwater zone with little or no sedimentation immediately upstream of the 
dam (Table 2.2). In contrast to large reservoirs (Figure 2.1), the lack of persistent turbidity 
currents impedes deposition of fines immediately behind run-of-river dams.  
 Given the focus on dam removals and possible downstream flushing of accumulated 
material, more attention has been focused on upstream than on downstream effects. Information 
in Table 2.2 suggests some coarsening of bed material and the formation of riffles downstream of 
run-of-river dams, but definitive evidence of channel degradation is limited (Bushaw-Newton et 
al., 2002; Ashley et al., 2006; Orr and Koenig, 2006; Velinsky et al., 2006).  A recent 
investigation of fifteen low dams on gravel-bed rivers in Maryland and Pennsylvania, several of 
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which were less than 3 meters in height, examined channel morphology and bed material 
characteristics downstream of these structures (Skalak et al., 2009). No measureable change 
could be detected between channel morphology downstream of the dams and in reference 
reaches upstream of the backwater zone behind the dam.  Bed material characteristics showed a 
slight difference with median particle size slightly greater and the percentage of sand/silt/clay 
slightly less downstream compared to the upstream reference reach. Overall, the number of 
unambiguous studies of run-of-river dams is small and a clear need exists for additional 
geomorphological investigations that focus specifically on run-of-river dams as defined here to 
determine their upstream and downstream effects on river-channel morphology and 
sedimentology. 
 
2.4 Fluvial response to run-of-river dam removal 
 Developing an improved understanding of the effects of run-of river dams on fluvial 
systems is vital for enhancing the capacity to forecast possible consequences of removals of 
these structures.  The magnitude and extent of river response to dam removal are dependent on 
prevailing conditions prior to removal. If the dam has trapped minimal amounts of sediment, 
upstream and downstream effects on river morphology should be minimal and the response 
following removal should also be minimal. On the other hand, if a run-of-river dam has trapped 
substantial amounts of sediment, then upstream and downstream responses may be pronounced, 
and responses should be similar to those associated with the removal of impoundment dams 
(Poff and Hart, 2002). In such cases, the potential for large amounts of sediment to be flushed 
downstream represents a primary concern.  Overall, prediction of river response to dam removal 
is still an inexact science (Pizzuto, 2002; Downs et al., 2009). Most removals have occurred only 
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over the past 10 to 15 years, and although over 400 dams have been dismantled (Pohl, 2002), 
scientific information on river response to removals is sparse (Graf, 2003; ICF Consulting, 2005; 
Downs et al., 2009).  
 Removal of a dam will locally increase the water-surface gradient, flow velocity and bed 
shear stress upstream of the former structure, resulting in entrainment of any stored sediment 
(Evans et al., 2000; Doyle et al., 2002, 2003; Burroughs et al., 2009; Pearson et al., 2011; Major 
et al., 2012). This material will be flushed downstream and, depending on hydraulic conditions in 
the downstream channel, possibly deposited, resulting in aggradation (Pizzuto, 2002; Burroughs 
et al., 2009; Major et al., 2012).  Erosional and depositional responses to removals should be 
greatest closest to the removal site and decrease over distance upstream and downstream. In 
addition to possible geomorphological effects, major practical concerns often focus on the 
potential for flushed sediments to contain adsorbed contaminants (Ashley et al., 2006; Evans and 
Gottgens, 2007), to impair water quality (Velinsky et al., 2006; Riggsby et al., 2007; Tuckerman 
and Zawiski, 2007; Granata et al., 2008) or to adversely affect benthic organisms through 
downstream sedimentation (Maloney et al., 2008; Orr et al., 2008). 
 Laboratory and numerical experiments provide insight into the potential response of a 
river system to dam removal. Cantelli et al., (2004) and Wong et al. (2004) found that after 
removing a dam in a flume behind which there was a large wedge of accumulated sediment, 
incision occurred in the form of a migrating knickpoint that travels upstream into the sediment 
wedge, flattening its profile as it does so. Morphological development of the channel created by 
this wave of erosion is similar to the sequence associated with the channel evolution model for 
incising channels (Simon, 1989).The incisional process is characterized by erosional narrowing, 
in which the channel at the outlet of the sediment wedge initially narrows because rates of 
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degradation of the channel bed exceed sediment delivery from eroding banks. During this short 
phase of narrowing, large amounts of sediment are flushed downstream. The high sediment 
transport rate is a function of: 1) decreased channel bottom width; 2) increased water depth; and 
3) increased bed shear stress. The incision rate decreases after a sufficient amount of sediment is 
removed, and the response changes so that widening of the channel begins as degradation slows, 
but erosion of the channel banks persists.  Thus, the changing balance between bed erosion and 
bank erosion rates over time is a critical factor determining channel evolution upstream of a dam 
following removal (Cantelli et al., 2007).  During the widening phase of channel evolution, 
sediment delivery downstream continues, but at a slower rate than during the narrowing phase.   
 Downstream responses of rivers to dam removal, including possible aggradation, have 
been explored numerically using the Dam Removal Express Assessment Models (DREAMs) 
(Cui et al., 2006a, 2006b).  DREAM-1 simulates sediment transport when the reservoir deposit 
consists of silt and sand, whereas DREAM-2 simulates transport when the upper layer of the 
reservoir deposit consists of gravel. Sample runs of these models indicate that the grain size 
distribution of the reservoir deposit strongly influences patterns of deposition and is the most 
important type of field data needed to predict downstream responses. Deposition within the 
downstream channel is likely to be more spatially extensive and thicker for when the reservoir 
deposit consists of sand and silt than when it is comprised mainly of gravel (Cui et al., 2006b).  
Other models for predicting sediment dynamics and river adjustments associated with dam 
removals include those developed by Wells et al., (2007) and Chang (2008). 
          Field studies have documented upstream migrating knickpoints following removals of 
dams in Connecticut, Pennsylvania, and Wisconsin (Pizzuto, 2002; Wildman and MacBroom, 
2005; Orr and Koenig, 2006).   At the site of St. John’s Dam (Sandusky River, Ohio), 
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degradation progressed to 3 km upstream of the dam following removal. Slight bed aggradation 
was documented downstream of the dam 10 months after removal with a corresponding 40% 
increase in the amount of fine material (Cheng and Granata, 2007). The dominant process at the 
St. John’s Dam removal was the release of sand subsequent to removal, which was transported 
downstream and caused sedimentation of gravel beds. Material transported out of the 
impoundment did not travel further than 3.6 km downstream of the dam. Slight aggradation was 
also noted downstream of the Marmot Dam in Oregon after removal, though this aggradation 
primarily increased existing bar sizes (Major et al., 2012). At the Manatawny Creek dam 
removal site, sediment in the upstream impoundment contained concentrations of PCBs (Ashley 
et al., 2006). After removal, concentrations decreased upstream of the former dam, and increased 
downstream. Since environmental contaminants are typically adsorbed to bed sediments, the 
results suggest that movement of sediment by fluvial processes in the vicinity of the site 
occurred. A similar phenomenon was observed on the Koshkonong and Baraboo Rivers in 
Wisconsin following dam removals, with mobilization of sediment from the upstream 
impoundment to locations downstream with the intensity of transport decreasing temporally 
(Doyle et al., 2003).  Removal of the 5.5 m high Stronach Dam on the Pine River in Michigan, 
the impoundment of which was filled with sediment, produced classic responses of erosion 
upstream and aggradation downstream.  Erosion upstream occurred through migration of a 
headcut and eventually extended nearly 4 km upstream of the former dam. Of the sediment 
eroded from the impoundment about 14% was deposited in the channel within one kilometer 
downstream of the dam. Deposition of this material increased channel width and decreased 
channel depth.  Minor aggradation downstream of removed run-of-river dams caused by 
deposition of sediment flushed from upstream has been documented by Bushaw-Newton et al. 
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(2002), Cheng and Granata (2007) and Major et al. (2012).  In the case of the Secor Dam 
removal (Ottawa River, Ohio), Roberts and others (2007) reported that the dam apparently had 
limited trap efficiency because the impoundment had not retained much fine sediment. 
Subsequently, removal of the dam did not cause substantial changes in sediment transport. 
 
2.5 Future research directions 
 The removal of run-of-river dams is likely to continue into the future (Pohl, 2002; Graf, 
2005). Consequently,  it is important to explore the effects (or lack thereof) of run-of-river dams 
on river geomorphology for several reasons: 1) to improve process-based understanding of the 
factors that promote sediment storage upstream of these dams, erosion downstream, or changes 
in the character of bed material, 2) to use this improved understanding to predict possible 
responses to dam removals, and 3) to provide a scientific basis for informed decision-making 
about potential geomorphological consequences of dam removals. There is a particular need for 
process-based field studies of in situ dams and of dam removals with subsequent integration of 
field data into numerical and experimental models to allow forecasting of fluvial response to 
removals (Poff and Hart, 2002). This integrated field and modeling effort will require 
collaboration among geomorphologists and engineers.   
 Information on the geomorphological effects of run-of-river dams suggests considerable 
variability in the quantity of sediment stored behind such structures, ranging from substantial to 
minimal sedimentation (Table 2.2). Additional field studies are necessary to help establish how 
combinations of controlling factors influence sediment storage.  These factors include watershed 
characteristics, (relief, soil erodibility, caliber of eroded material supplied to the channel 
network), characteristics of the river channel upstream of the dam (sediment load and caliber of 
35 
 
transported material) and on characteristics of the dam (height, thickness). Recent work suggests 
that considerable regional variability in sediment storage occurs in impoundment dams and it 
seems reasonable to assume that regional variations in watershed and river characteristics should 
similarly influence sediment storage behind run-of-river dams (Graf et al., 2010).  Where 
watersheds deliver large amounts of coarse sediment to rivers, substantial storage can probably 
be expected, whereas where rivers transport mainly fine-grained materials storage may be 
minimal. Also, the spacing of dams along a river can be important as storage behind upstream 
dams can limit storages behind structures further downstream. Locally, however, hydraulic 
conditions in the vicinity of the dam, which are largely governed by characteristics of the dam 
itself, are likely to play an important role in sedimentation.  Dams that are relatively high in 
relation to channel capacity should serve as more of a barrier to sediment movement than dams 
that are low in relation to the height of the channel banks.  Bathymetric studies upstream of run-
of-river dams in a variety of geographic contexts will help to shed light on regional variations in 
sediment storage behind these structures.  
 Process-based investigations are needed to determine spatial variability in hydraulic 
conditions and sediment-transport efficacy upstream of run-of-river dams for different degrees of 
dam submergence.  Field measurements of this type pose a significant safety challenge, which 
undoubtedly explains the deficiency of such data.  Hydroacoustic instruments, such as Acoustic 
Doppler Current Profilers (ADCP), which allow simultaneous measurements of flow and 
sediment transport (Dinehart and Burau, 2005; Kostaschuk et al., 2005; Oberg and Mueller, 
2007) may be an enabling technology to accomplish this difficult task.  Ideally, flow and 
sediment transport data would be collected over a varying range of discharges to capture 
episodes of sediment storage and flushing, if indeed such episodes do occur.  
36 
 
  Knowledge of how run-of-river dams affect sedimentation is important for management 
purposes. The State of Illinois, for example, requires a management plan for all sediment 
accumulated upstream of a dam prior to removal (Arlan Juhl, personal communication, 2007). 
Similar policies exist in parts of the eastern United States (Rose Wallick, personal 
communication, 2008). The concern that guides the adoption of these policies is that stored 
sediment may either contain contaminants or itself serve as a contaminant that, if released 
downstream after a removal, can cause environmental degradation of aquatic organisms and 
riparian wildlife.  Currently, there is some concern that pools behind run-of-river dams contain  
substantial amounts of sediment and that the potential for downstream releases of sediment and 
sediment-related contaminants caused by removal of deteriorating dams could negate benefits 
accruing from elimination of  public safety hazards and  barriers to  migration of fish and other 
aquatic organisms (Ashley et al., 2006).  Evidence demonstrating to policymakers that sediment 
storage behind run-of-river dams is variable and identifying the factors that determine the 
potential for storage and contamination may lead to a procedural shift in how dam removal is 
viewed and in the focus of sediment management plans prior to removal.  
 Collection of bathymetric data downstream of dams is also important to ascertain the 
depth and spatial extent of scour caused by hydraulic rollers. Farther downstream, bed 
degradation and coarsening of bed material can occur, presumably in response to sediment being 
trapped behind the dam (see examples from  Pennsylvania and Wisconsin, Table 2.2). Additional 
morphological and sedimentological studies downstream of run-of-river dams should be 
conducted to determine if such effects are common. The limited evidence suggests that despite 
their small size and variable efficacy for trapping sediment, run-of-river dams can alter river 
37 
 
reaches directly downstream. A primary issue that should guide future research regards how far 
downstream degradation caused by a run-of-river dam extends relative to the height of the dam.  
 While process-based field studies can illuminate the effects of dams in specific instances, 
mathematical models are needed to provide general predictive capabilities for determining how 
run-of-river dams influence hydraulic conditions, sediment transport and channel response over a 
wide range of conditions. Flow over dams is complex and, as studies of flow over forward-facing 
steps suggest, potentially highly three-dimensional. Computational fluid dynamics (CFD) models 
have been used successfully to simulate complex, 3D flows in natural rivers (Rodriguez et al., 
2004) and around artificial structures in open channels (McCoy et al., 2008). Progress is also 
being made in developing numerical models that are capable of simulating the effects of 3D flow 
in rivers on patterns of sediment transport and patterns of erosion and deposition (Zeng, 2008a, 
2008b). The development of coupled flow-sediment transport models holds promise for 
exploring in detail changes in flow structure, sediment trapping and sediment mobilization 
upstream and downstream of run-of-river dams with changes in discharge. Such models can also 
be used to examine how removal of dams may result in remobilization and redistribution of 
stored sediments.  
 Surprisingly, few, if any, experimental studies of the effects of run-of-river dams on flow 
and sediment transport have been conducted.  Investigations of this type could be performed in a 
straight flume with a narrow, transverse sill that extends upward into the channel from the bed. 
Experiments could be conducted with and without a mobile bed to determine how flow structure 
and sediment mobility varies with different stages of flow over the sill. Removal of the sill, 
either entirely or in stages, after a series of experimental runs with a mobile bed, would provide 
the opportunity to evaluate potential responses to dam removal. 
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2.6 Concluding remarks 
 Compared to the impact of large impoundments dams, the effect of run-of-river dams on 
the geomorphology of rivers has received scant attention.  The need for an improved 
understanding of these effects is accentuated by growing societal pressure to remove run-of-river 
dams for reasons related to safety, liability and restoration of connectivity of aquatic ecosystems. 
Developing generalizations about effects upstream and downstream of these structures is 
complicated not only by a limited number of investigations, but also by difficulties 
distinguishing between true run-of-river dams and impoundment dams in the extant literature. It 
appears that backwater zones created by run-of-river dams have variable efficacies for trapping  
sediment, which may be related either to regional variations in watershed and stream 
characteristics or to differences in dam characteristics. Enhanced knowledge of the factors that 
influence variability in sediment storage is needed to guide informed decision-making about dam 
removals. The potential for downstream flushing of sediment and sediment-related contaminants 
represents a primary environmental concern when considering removal. Coarsening of bed 
material and local scour has been reported downstream of run-of-river dams, but the magnitude 
and ubiquity of such effects are unclear. Similarly, studies of dam removals indicate that fluvial 
responses downstream of the removed dam are not readily generalized.  
 Several types of studies are needed to advance knowledge of the effects of run-of-river 
dams on fluvial systems and to predict potential responses of these systems to dam removal. 
First, regional studies that examine sediment storage upstream of these dams and erosion 
downstream are needed to determine how the geomorphological effects of run-of-river structures 
relate to geographic variability in watershed and river characteristics. Second, process-based 
investigations of flow structure, sediment transport and patterns of deposition and erosion 
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upstream and downstream of run-of river dams will generate data that can used to evaluate 
conceptual models of flow over run-of-river structures and the extent to which these dams act as 
barriers to sediment movement.  Third, the development of numerical models of flow and 
sediment transport in rivers with run-of-river dams will provide general predictive tools for 
assessing geomorphological effects of specific dams and for forecasting fluvial responses to dam 
removal.  Finally, experimental studies provide an opportunity to explore under controlled 
conditions how variability in hydraulic conditions, sediment properties and dam characteristics 
influence the geomorphology of rivers and how rivers respond to dam removals.  Integration of 
results from these four avenues of inquiry enhance understanding of the geomorphological 
effects of run-of-river dams and establish a base of knowledge that can be used to guide 
informed decision making about management of these structures. 
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Table 2.1.Definitions of run-of-river dams. 
Run-of-river structures are dams that create reservoirs with small storage capacity and do 
not alter the river’s flow regime.  
(Stanley and Doyle, 2002) 
“Run-of-the-river dam” is a man-made structure which:  
• is built across a river or stream for the purposes of impounding water where the 
impoundment at normal flow levels is completely within the banks and all flow 
passes directly over the entire dam structure within the banks, excluding abutments, 
to a natural channel downstream  
• has hydraulic characteristics such that at certain flows persons entering the area 
immediately below the dam may be caught in the backwash 
(Pennsylvania Fish and Boat Commission, n.d.). 
Run-of-river dams span the entire width of a river channel, are less than 25 ft (7.6 m) 
high, and water flows continuously over the crest of the dam.  The drop at the dam crest, 
and the often dangerous currents downstream, contribute to hazardous conditions for 
river users and pedestrians (CTE/AECOM, 2007). 
Generally, a dam is considered to be run-of-river when: 
• the spillway is approximately the width of the channel it blocks, and 
• there is little to no detention of storage of inflows to the impoundment created by 
the dam 
(Doyon, 2009, personal communication) 
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Table 2.2. Effects observed at run-of-river dams in literature available. 
Source Dam Characteristics  Effect(s) observed 
Lindloff (2003) McGoldrick 
Dam, Ashuelot 
River, New 
Hampshire 
1.8 m high, 46 m wide  
timber crib dam 
capped in concrete 
Built in 1828, in use 
until 1950, removed 
in 2001  
Minimal sediment 
accumulation upstream 
of dam 
 
Wildman and 
MacBroom 
(2005); Wildman 
(2009, personal 
communication) 
Union City 
Dam, 
Naugatuck 
River, 
Connecticut 
2.1 m high, 58 m wide 
timber crib structure 
filled with stone.  
Portions of the dam  
reinforced with large 
boulders placed along 
the downstream face 
of the structure or 
capped with grouted 
riprap 
 
Irregular-shaped 
concrete apron at the 
base of the dam 
 
Large voids in the 
dam from washed out 
stones  
 
Removed in 1999 
Stored sediment 
thickness 
just upstream of dam 
ranged from 0 to 0.9m.  
Sediment within the 
channel upstream of the 
dam had accumulated to 
thicknesses from 0.2 to 
0.8 m.  
 
Large sediment bar 
(point bar) located along 
the inside of the river 
bend upstream of the 
dam, with 
unconsolidated sediment 
depths ranging 
from 0.4 to 3.8 m.  
Volume of stored 
sediment  
estimated between 
3800 and 7600 m3, 
lower than would be 
expected 
for a 2-m-high dam. 
 
Sediment had already 
scoured out in some 
locations, creating a 2-
m-deep 
thalweg within the pool 
upstream of the dam, 
most likely due to 
previous floods and 
partial dam 
failures at the site. 
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Table 2.2 (cont.)  
Source Dam Characteristics  Effect(s) observed 
Orr and Koenig 
(2006) 
Boulder Creek 
Dams, 
Wisconsin 
Two concrete run-
of-river dams: one 1 
m high, the other 2 
m high. Second dam 
in disrepair with a 
large crack   
Removed in 2003  
Pools upstream filled with 
sand and silt to the point 
of minimal water 
retention capacity. 
Downstream, bed 
comprised of silt, sand, 
and coarse cobble, with 
larger rocks on riffles  
Bushaw-Newton 
et al. (2002)  
Ashley et al. 
(2006) 
Velinsky et al. 
(2006) 
Manatawny 
Creek, 
Pottstown, 
Pennsylvania 
2 m high, 30 m wide 
Constructed in 
1700s of timber crib 
and stone 
Removed in 2000 
Minimal fine-grain 
sediment deposition 
within upstream pool  
 
Sediment within the pool 
consisted of  sand, 
pebbles, and cobbles  
Pool dredged in the 1970s 
Coarse cobble riffles 
downstream of the dam  
Cheng and 
Granata (2007) 
St. John’s 
Dam, 
Sandusky 
River, Ohio 
2.2 m high, 46 m 
wide concrete 
structure   
Constructed in early 
1900s, breached and 
removed in 2003 
No accumulation of 
sediment within 1 km 
upstream of the dam 
Sediments accumulated 1 
to 12 km upstream of the 
structure to an average 
thickness of 1 m   
Roberts et al. 
(2007) 
Secor Dam, 
Ottawa River, 
Ohio 
In situ 2.5 m high, 
17 m wide,  
“run-of-river” 
structure with three 
circular sluice gates  
Minimal trap efficiency, 
with insignificant 
amounts of fine sediment 
retained behind dam. 
Sediment behind dams 
consisted of medium to 
coarse grained sand and 
some pebbles present 
behind dam.  
Pearson et al. 
(2011) 
Merrimack 
Village Dam, 
Souhegan 
River, New 
Hampshire 
Run-of-river 
hydropower dam 
~62,000 to 64,000 m2 
sediment, predominantly 
sand, stored within 
impoundment. 
 
Deposition in thalweg 
with gradual channel 
slope (0.0003). 
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Figure 2.1. Upstream and downstream effects of large dams. 
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Figure 2.2. Run-of-river dam, Yellow Creek, near Freeport, Illinois. 
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Figure 2.3. Changes in water surface profiles upstream and downstream of a run-of-river dam 
showing migration of inflection point in water surface profile migrating toward the dam with 
increasing flow stage and degree of submergence of the dam (water levels relative to dam height 
are idealized and not necessarily to scale). 
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Figure 2.4. Changing hydraulic conditions downstream of a run-of-river dam with increasing 
submergence of the dam (adapted from Leutheusser and Birk, 1991 and Leutheusser and Fan, 
2001). 
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Figure 2.5. Flow structure behind a forward-facing step showing open separation vortex behind 
the step and high-speed vortical streaks moving up and over the step (adapted from Dimaczek et 
al., 1989 and Stuer et al., 1999).   
 
 
 
 
  
48 
 
CHAPTER 3 
 
 
STUDY AREA 
 
 
 
3.1 Introduction 
 
 This study area chapter focuses on the physical geography of the larger physiographic 
region in which the four dam sites for this dissertation are located, the individual watersheds 
containing these structures, and the historical context for each dam. The Till Plains section of the 
Central Lowland physiographic province, which is the larger scale area of focus within this 
study, will be described first. Next, the overall climate found within this area will be described, 
followed by overviews of the  geology, land use, and hydrology for each of the watersheds. 
Finally, information will be presented on the history of each dam. Historical information about 
the watersheds is also presented, where such information important for explaining the findings of 
this research, presented in later chapters. 
 
3.2 Regional setting 
 The four dams and their watersheds are located in the Till Plains section of the Central 
Lowland physiographic province of the Midwestern United States within Illinois, as defined by 
Fenneman (1928; Figure 3.1). The selection of these sites, and the approach and rationale for 
locating them in the Till Plains section is described in Chapter 4. A summary of each of the dam 
sites is provided in Table 3.1. The Till Plains section is a region with numerous run-of-river 
dams along low-gradient rivers with small values of stream power at bankfull discharge  
(Crowder and Knapp, 2005; DeLong, 2005). Representative values of stream power per unit bed 
area of rivers in the Till Plains have been reported to range from 0 to 20 W m-2 in the upper 
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portion of a characteristic watershed (Urban and Rhoads, 2003), with values less than 35 W m-2 
typical throughout much of a second characteristic watershed (Güneralp and Rhoads, 2009). One 
of the dam sites is located on Yellow Creek in Freeport, Illinois. However, sections of the upper 
watershed of Yellow Creek extend into the  Wisconsin Driftless Area, which will subsequently 
be described as well.  
 
3.3 Till Plains section, Central Lowland physiographic province 
 The geographic extent of the Central Lowland physiographic province, and the Till Plains 
section are shown in Figure 3.1. Within Illinois, the Till Plains section encompasses the majority 
of the land area. Only northeastern, extreme northwestern, and extreme southern Illinois are not 
located within the Till Plains (Fenneman, 1928). This section also extends into central Indiana, 
central Ohio and far southern Wisconsin.  
The Till Plains were glaciated during the Pleistocene (Leighton et al., 1948; DeLong, 
2005; White et al., 2005). Prior to glaciation, an extensive lowland, comprised of Paleozoic 
Pennsylvanian limestones and shales, stretched across portions of the present-day Till Plains, 
including central Illinois (Leighton et al., 1948; Schuberth, 1986; DeLong, 2005). During the 
Illinois and Wisconsin glacial episodes, the pre-existing lowland provided a suitable setting for a 
thick accumulation of glacial till, until recession of the glaciers 20,000 to 15,000 years BP 
(Schuberth, 1986; Zhang and Frost, 2002; DeLong, 2005). Today, the topography of the region is 
fairly flat , with very gentle relief. Surficial materials are comprised of a silty clay loam loess 
sheet which is poorly drained (Fenneman, 1928; Leighton et al., 1948; Barker et al., 1967; 
Johnson and Bleuer, 1980; Pitlick, 1997; Zhang and Frost, 2002; DeLong, 2005; Kalita et al., 
2006). Typical surface slopes can be as low as 1% or less, as is found in east-central Illinois 
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(Kalita et al., 2006; Algoazany et al., 2007). Drainage divides are located on slight rises in the 
gentle slopes of the region, with some divides hard to discern with the unaided eye (Fenneman, 
1928). The slight rises that do exist are primarily the result of glacial terminal moraines, 
deposited during the advance and retreat of glacial margins during the Pleistocene. Larger rivers 
of the region have deeply incised into the surrounding terrain, and the resulting valleys are where 
the greatest relief is found.  
The Till Plains includes areas that, prior to European settlement in the 1800s, were 
largely tall grass prairie swamps (Stapp and Bowman, 1968; Hay and Stall, 1974; Rhoads and 
Herricks, 1996; Pitlick, 1997; Algoazany et al., 2007). Beginning in the 1850s, these lands were 
artificially drained to allow the fertile soils of the region to be utilized for corn and soybean 
agriculture. Artificial drainage has been a common practice throughout the Midwestern United 
States (McCollum and Smith, 1982; Rhoads and Herricks, 1996; Crowder and Knapp, 2005; 
Kalita et al., 2006; Algoazany et al., 2007; Dominguez and Kumar, 2008). Land drainage 
involves installation of subsurface infrastructure (tile drains) to remove excess soil water so that 
the land can support crop agriculture. Subsequently, the upper reaches of many streams in this 
region are straightened drainage ditches that have been created by: (1) the channelization of 
extant headwater streams, or (2) extending  channels into prairie wetlands (Wiley et al., 1990; 
Rhoads and Herricks, 1996; Rhoads et al., 2003; Algoazany et al., 2007). Much of this 
channelization occurred from 1890 to 1920. As a result of the tile drainage infrastructure, the Till 
Plains includes some of the most productive agricultural land in the United States (Kalita et al., 
2006).  
Within Illinois, the Till Plains section is divided into seven subsections. Three of these: 
Bloomington Ridged Plain, Rock River Hill Country, and Springfield Plain are important for 
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discussion, as the four dams are located within these three subsections (Leighton et al., 1948). 
The two dams in Danville are located within the Bloomington Ridged Plain; Krape Park Dam in 
Freeport is located within the Rock River Hill Country; and the Effingham Dam is located within 
the Springfield Plain. Differences among the three subsections are subtle as all mirror the low 
relief of the Till Plains section.  
 The Bloomington Ridged Plain is interspersed by undulating glacial end moraine features 
produced during the mid-Wisconsin glacial period, and that are only prominent at the local scale 
(Leighton et al., 1948; Cote et al., 1967; Reinersten, 1981). Local relief between the tops of the 
glacial moraines and the surrounding till plains is less than 25 m (Rhoads et al., 2003). The 
deposited glacial till is thick and obscures the underlying bedrock, except at select local sites. 
The Springfield Plain is similar to the Bloomington Ridged Plain, although the river valleys are 
shallower and less entrenched (Hite et al., 1993). In Rock River Country, valleys are wide, but 
steep-walled, with terraces comprising old alluvial fill. Tributaries to the larger rivers can contain 
small bedrock features, while the overall form of these channels is  narrow. 
 
3.4 Driftless Area, Central Lowland physiographic province 
 The Driftless area encompasses extreme northwestern Illinois (Figure 3.1). The 
remainder of the section extends into a large section of southwest Wisconsin, and smaller areas 
of northeast Iowa and southeast Minnesota. The Driftless area is differentiated from surrounding 
areas by the lack of glacial advance into the region, and subsequent deposition of glacial drift, 
while surrounding areas were glaciated (Fenneman, 1928). Prior to glaciation, the present-day 
Drifltess area was an upland, comprised of resistant Paleozoic limestones and dolomites 
(Leighton et al., 1948). The resistant uplands prevented movement of the Illinois glacial lobe into 
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the region. As the area did not experience the direct effects of glaciation, rivers have created 
deep valleys through incision (DeLong, 2005). Consequently, the section has more topographic 
relief, thinner soils, and resembles a dissected plateau, with many rock outcroppings present 
(Schuberth, 1986). River bed sediments in the region are comprised of gravel, cobble, and sand, 
components of which are derived from glacial outwash. 
 
3.5 Climate 
 All four sites lie within the humid continental climate zone. However, Freeport is 368 km 
north of Effingham, resulting in minor differences in average annual precipitation and 
temperature. Unless otherwise cited, climate information provided here for each site was 
collected from the website of the Illinois State Water Survey (2010), which provides detailed 
historical climate information for stations located throughout Illinois. The station selected is the 
one closest to the dam site that provides a full suite of climate information (temperature and 
precipitation) for the climate normal period of 1971-2000 (Table 3.2). 
 Much of the annual precipitation total arises from convective storms during the summer 
months. Illinois is geographically situated in an area that is prone to stalled fronts between air 
masses with waves of low pressure moving along these boundaries (Avery and Smith, 2003). 
While the occurrence of this type of setup is temporally variable, it can lead to widespread heavy 
rains. Heavy rain events in Illinois can generate substantial flooding, such as that which occurred 
during the spring of 2002 (Avery and Smith, 2003; Kalita et al., 2006). For example, on May 13, 
2002, a new maximum discharge of 906 cms (Avery and Smith, 2003), believed to represent a 
500-year value, was recorded on the Little Wabash River at Effingham as a result of several 
consecutive storms that produced 12 cm of rain in April, and 25 cm in May at Newton (Illinois 
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State Water Survey, 2010). At the same time, the Pecatonica River at Freeport was above flood 
stage for five days.  
 
3.6 Local physiographic and dam site characterizations 
 In this section, physiographic and anthropogenic contexts will be established for each of 
the dam sites. Included at the end of each section is historical information on each of the dams, 
although it should be noted that the amount of information available for the sites differs. 
Hydrological data for each site is discussed in a separate section of this chapter. 
 
3.6.1 Vermilion River at Danville 
3.6.1.1 Physiographic setting 
 The Vermilion River in east-central Illinois is a tributary to the Wabash River, which it 
joins near Cayuga, Indiana. The Vermilion River watershed contains two of the four dams, both 
of which are in Danville. The largest of the two is located on the Vermilion River mainstem, also 
termed the “Big Vermilion” by locals (Hay and Stall, 1974), near downtown Danville. The 
second, and smaller dam, is located 1.8 km upstream on a tributary, the North Fork Vermilion, in 
Ellsworth Park. This dam is owned and maintained by the City of Danville (Figure 3.2). 
Upstream of the Ellsworth Park Dam, there are two additional dams on the North Fork 
Vermilion. The first is a run-of-river dam at the Aqua Illinois water plant, located 3.8 river km 
upstream. The second is an impoundment dam for Lake Vermilion, located 4.1 km upstream of 
the Aqua Illinois water plant. The total watershed area upstream of the Vermilion River Dam is 
3340 km2, while the watershed area upstream of the Ellsworth Park Dam is 795 km2. 
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 The Vermilion River watershed consists of flat uplands with constructive glacial 
topography, including end moraines, with highly dissected areas near the river valleys, which 
contain both fluvial and glaciofluvial deposits in which large amounts of sands and gravels were 
deposited (Barker et al., 1967; Jackson, 1980; Johnson and Bluer, 1980). Typically, the 
headwaters contain channels with bed sediments comprised of coarse sand, with lower reaches 
encompassing bed material ranging in size from cobbles and gravels at riffles to fine sands  in 
pools (Jackson, 1980; Wiley et al., 1990). 
The Vermilion River watershed lies within the Central forest-grassland terrestrial 
ecoregion, as defined by the World Wildlife Federation (Olson, 2001). It demarcates a transition 
zone between the forested eastern United States, and the grasslands of the Great Plains. Much of 
Illinois (including all of the sites in this dissertation) lie within this ecoregion, and thus, the 
landscape is comprised both of forested land and tall grass prairie. The forests, of the mixed 
deciduous type, are typically found within river valleys, while the grasses are primarily found on 
the gentle topography outside the valleys (Wiley et al., 1990; Olson, 2001; Jakubanis et al., 
2008). Natural soils are comprised of silty loam and silty clay loam (Algoazany et al., 2007). 
Present land use within the basin is largely row-crop agriculture (Wiley et al., 1990). South of 
Danville, row-crop agriculture (corn rotated with soybeans) comprises approximately 90% of the 
land area, an indication of the dominance of agriculture in regional land use (Algoazany et al., 
2007). Historical land use in the watershed has included extensive coal mining (Cote et al., 1967; 
Stapp and Bowman, 1968), brick making utilizing the thick clay subsoil as a base (Brink and 
Company, 1917; Visser, 2005), and light manufacturing industry in Danville. These activities 
occurred adjacent to the Vermilion River mainstem upstream of the Vermilion River Dam (Hay 
and Stall, 1974). West of Danville, portions of the river bed were excavated to mine known coal 
55 
 
beds (Stapp and Bowman, 1968). Additionally, the valley adjacent to the Vermilion River 
mainstem within Danville was confined by rocky bluffs. These bluffs have been quarried for use 
in the construction of buildings. The removed rock has been replaced with fill over time adjacent 
to the river, upstream of the Vermilion River Dam. Portions of the adjacent floodplain 
downstream of the Vermilion River Dam have been used as waste dumps throughout  Danville’s 
history.  
The North Fork Vermilion River is bordered by thick clay banks and bluffs upstream of 
Lake Vermilion, some of which are as high as 8 m (McCollum and Smith, 1982). Lake 
Vermilion has existed in its present form since about 1925 when a dam was constructed to ensure 
that Danville had a continuous water supply. By 1982, the lake had lost 55% of its capacity 
through siltation. Within Ellsworth Park, a shale bluff borders the channel along the left bank 
directly downstream of Ellsworth Park Dam, while another bluff exists at the southernmost 
extent of the park along the right bank. The former Danville Brick Company was located atop 
this bluff, and subsequently, many bricks can be plainly seen today lying on the banks and on the 
channel bottom in this area. 
 
3.6.1.2 Dam information 
 The Vermilion River Dam, built around 1914, is believed to have been designed by 
Daniel Webster Mead, an engineering professor at the University of Wisconsin (Visser, 2005; 
Figure 3.3). The channel span of the dam is 60 m, and is 3.35 m high. The structure created an 
upstream pool, which provided the head necessary for intakes to support the cooling of a power 
plant from 1915 to 1955 (McCollum and Smith, 1982; Visser, 2005). General Motors operated a 
manufacturing plant in Danville, and they repaired the dam in 1970 so that the upstream pool 
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would be maintained for their water intakes (Visser, 2005). In 1972, the city of Danville assumed 
ownership of the dam as part of an urban renewal project. The Vermilion River Dam site 
includes a concrete pier adjacent to the dam at the center of the channel, which causes driftwood 
to often accumulate against it. Three sluice gates were incorporated into the dam, one of which is 
presently open, allowing flow through it. Cracking and spalling of concrete on the downstream 
face is ongoing. Recreational activities in the vicinity of the dam have resulted in drownings with 
three lives lost in the hydraulic roller downstream of the dam between 1995 and 2003. 
Consequently, the city of Danville has been evaluating options to address public safety issues. 
One of the options under consideration is removal of the dam.  
 The Ellsworth Park Dam was built in 1931 and 1932 to create a small impoundment 
upstream for recreational purposes within the park (Lane, 2006; Figure 3.4). Within the park, a 
footbridge crosses the river 180 m upstream of the dam. Lane (2006) reported that during  high 
flows, sufficient stream power exists to damage the center pier of the footbridge.  
 
3.6.2 Little Wabash River, Effingham 
3.6.2.1 Watershed information 
 The Effingham Dam is situated on the Little Wabash River west of Effingham, in 
southeast Illinois (Figures 3.5 and 3.6). From its origin in southwestern Coles County, the Little 
Wabash River flows 381 km southeast to its confluence with the Wabash River, southeast of 
New Haven, Illinois (Hite et al., 1993; White et al., 2005). The Effingham area was affected by 
the Illinois glaciation, but not the Wisconsin glaciation (Cutright, 1968). The surficial materials 
of the watershed consist of a mantle of unconsolidated sand, gravel, and sandy till glacial 
deposits that overly bedrock. Agriculture and livestock operations have been the dominant land 
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use within the watershed, constituting 75% of the total watershed area (Hite et al., 1993). 
Consequently, the Little Wabash River and its tributaries have been anthropogenically modified 
through channelization and the installation of dams and farm field fords (Cutright, 1968; Hite et 
al., 1993). Of the total land area in agriculture, 68 percent is used for the production of corn and 
soybeans. The remaining 25 percent of the total watershed area in the watershed is comprised of 
woodlands, oil well operations (Limno-Tech Inc., 2006), and urban areas. The portion of the 
Little Wabash River watershed at and upstream of the dam near Effingham is situated within the 
Central forest-grasslands transition terrestrial ecoregion, with a subsequent prairie-savanna type 
natural landcover (Cutright, 1968; White et al., 2005). The drainage area upstream of the 
Effingham Dam is 622 km2. 
 
3.6.2.2 Dam information 
 The right bank at the dam is a steep  12.2 m embankment supporting railroad tracks and 
the left bank upstream of the dam consists of a 70 m long retaining wall (Crawford, Murphy, and 
Tilly Inc., 1993; City of Effingham, Illinois, 2004). The concrete masonry dam is 2.9 m high 
(Milano, 1990). The exact date of dam construction is unknown, however, a map in a Chicago 
Title Insurance Company (1975) document depicts the presence of the dam in 1919. The dam 
may have been built to provide water for railroad steam engines (Crawford, Murphy, and Tilly 
Inc., 1988). The City of Effingham acquired the dam in 1954. Today, the Effingham Dam 
provides a pool for the Goldstein Bend Pump Station upstream, which serves as a  water supply 
for the Effingham Water Department (Crawford, Murphy, and Tilly Inc., 1988; City of 
Effingham, Illinois, 2004; Simmons, 2005).  
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 The City of Effingham has undertaken periodic maintenance activities on the dam since 
the 1980s because of gradual deterioration of the structure. These activities have included the 
placement of riprap along the left bank abutment to arrest scour; the replacement of missing 
stones from the abutments; and the addition of a concrete cap to the dam in 1990 (Crawford, 
Murphy, and Tilly Inc., 1988; Tappendorf, 1988; Milano, 1990; Crawford, Murphy, and Tilly 
Inc., 1993). With maintenance an ongoing concern, the City of Effingham wants to pursue 
removal of the existing structure, concurrent with the installation of a new dam 9 m downstream 
(City of Effingham, Illinois, 2004).  
 
3.6.3 Yellow Creek, Freeport 
3.6.3.1 Watershed information 
 The dam site on Yellow Creek is located within Krape Park, in Freeport (Figure 3.7). 
Yellow Creek is a tributary of the Pecatonica and Rock Rivers (Figure 3.8). Because of greater 
relief in this watershed than in the Little Wabash River and Vermilion River watersheds, flash 
flooding can be a common occurrence, particularly in convective storms that occur in the late 
spring and summer (Pitlick, 1997). 
 The basin lies within the Central forest-grassland transition terrestrial ecoregion, but over 
80% of available land outside the river valleys has been converted to agriculture, with corn the 
dominant crop (DeLong, 2005). As a result of agricultural activities, rivers in the Upper 
Mississippi basin have some of the highest nitrate concentrations in the United States. Within the 
Yellow Creek watershed, present-day land cover is a combination of agriculture, prairieland, and 
deciduous forest (County of Stephenson, 1970). Generally, the watershed consists of forested 
floodplain surrounded by upland savanna (Strohecker, 1997).  
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 Yellow Creek upstream of Krape Park has not been immune to anthropogenic 
modifications during post-European settlement history. Activities that have influenced natural 
channel processes  include the installation of rock and mill dams, channel straightening and flow 
path reconfiguration (Strohecker, 1991, 2006). Many of the pools created by dams built in the 
1800s filled with silt. These dams were destroyed by floods in the late 1800s (County of 
Stephenson, 1970). The drainage area upstream of the Krape Park Dam is 418 km2. 
 
3.6.3.2 Dam information 
 The Krape Park Dam was built sometime in the early 1900s to create a pool upstream to 
support a recreational boating area designed to extend about 0.6 km upstream of the dam 
(County of Stephenson, 1970; Figure 3.9). The only known modification to the dam is the 
installation of a concrete cap in 1980. According to Roszkowski (1994), left bank erosion has 
been a continual process within Krape Park. The pool upstream of Krape Park Dam is still 
utilized by the park district and the citizens of Freeport for recreational boating purposes.  
 
3.7 Streamflow hydrology 
United States Geological Survey (USGS) stream gauges are available for three of the four 
dam sites (Table 3.3). This section examines available data for the gauges, derived from the 
USGS website (2010), to construct the streamflow patterns and basin flow history, and to cross-
compare patterns among sites. Data presented here include the annual exceedance probabilities 
for flow values, flow duration curves, and flood frequency curves associated with each gauge. 
Each of these components is included within this chapter, as it is vital to provide the context of 
streamflow regime for the discussion of results in Chapters 4 through 6. Of note is that Yellow 
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Creek in Freeport is not gauged. Characterization of the hydrology at this site requires the 
construction of a flow duration curve for ungauged basins using regional rainfall-runoff curves 
for northwest Illinois, found in Singh (1971).  
 
3.7.1 Gauge and data descriptions 
 USGS gauge 03338780 is located 13 km north of the Ellsworth Park Dam. The dam at 
the Aqua Illinois plant as well as Lake Vermilion are located upstream between Ellsworth Park 
Dam and the USGS gauge. The presence of Lake Vermilion affects the flows in Ellsworth Park, 
such that flows are typically lower than they otherwise would be without the existence of the 
lake. Data for this gage are valuable, however, because water released from Lake Vermilion after 
high flow events floods Ellsworth Park approximately once per year (Lane, personal 
communication, 2006).  
 USGS gauge 03339000 is situated downstream of the Vermilion River Dam. The 
difference in drainage area between the gauge site and the dam is 7.77 km2 or 0.3 percent of the 
total area. No adjustments were made to the data to account for this difference. In Effingham, 
USGS gauge 03378635 is located at the site of the dam.   
 Annual exceedance probabilities were calculated by determining the annual maximum 
floods for the available period of record for each gauge and ranking these floods from largest to 
smallest. The return period (T) for each value is: 
T = (n+1)/m 
where n is the total number of years of record, and m is the rank of a value. The annual 
exceedance probability was determined by calculating the reciprocal of T (1/return period). The 
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plot of annual exceedance probability against the annual peak discharges represents the flood 
frequency curve.  
 Flow duration curves are used to specify the percent of time that particular Q values were 
equaled or exceeded during a defined time period. The shape of the curves provides an indicator 
of the variability in the flow regime over time. These curves are created by using the daily Q 
values from the gauge of interest. From the range of data values, 20 class intervals were chosen, 
and the number of days for the period of record in which daily values achieve a particular range 
are summed. The number is then divided by the total number of days in the dataset. The resulting 
frequencies are then summed from the highest interval to the lowest, and plotted on a graph 
against the Q values.  
 Because Yellow Creek in Freeport is not gauged, hydrologic data are not available for 
this site. Singh (1971) provided a flow duration model using data collected from gauging stations 
throughout Illinois. The state was divided into hydrologic divisions, and for each a coefficient 
and exponent were defined for input to the model. The coefficient and exponent have 
distributions for a particular percent time. To use the model, the drainage area at the point of 
interest is calculated, followed by computation of the average daily flow using the equation: 
Qavg = (Q100) * (A/100)α 
where Qavg is calculated average daily flow; Q100 is the average daily flow for a 100 mi2 area 
within the hydrologic division of interest; A is the calculated drainage area for the point of 
interest; and α is a defined exponent for the hydrologic division. Then, a daily flow (q) for a 
given percent time (p) is calculated using the equation: 
q = q’ * Qavg 
where q’ is a ratio of q to its average value. The equation for determination of q’ is: 
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q’ = C * Aα 
where C is a coefficient value based on the hydrologic division of interest and percent time in 
which a particular flow value may occur. This percent time corresponds to the  exceedance 
probability for a given flow. The value q has units of cfs/mi2, which can then be converted to a 
standard Q value in cfs and cms (cubic feet per second and cubic meters per second, 
respectively). The exceedance probabilities and discharge values can then be plotted on opposite 
axes to produce a flow duration curve.  
 
3.7.2 Annual exceedance probabilities and flood frequency curves for USGS gauged sites 
 The flood frequency curves for the three gauging stations are provided in Figures 3.10 
through 3.12. The return periods were calculated for these data. Bankfull flow, which is also 
recognized as the channel forming flow occurs at a river station on average every 1.5 years 
(Williams, 1978). For the North Fork Vermilion, this corresponds to 124 cms, with an annual 
exceedance probability of 67 percent. The bankfull flow discharge for the Vermilion River is 319 
cms, and 135 cms for the Little Wabash River.  
 
3.7.3 Flow duration curves for USGS gauged sites 
 The flow duration curves are shown in Figures 3.13 through 3.15. The curve for the Little 
Wabash River at Effingham is steeper than for the Vermilion gauges, indicating a  higher degree 
of variability in the flow regime at this site compared to the other two sites. The steepness of the 
curve at Effingham suggests very high variability in the flow ranges, with lower flows 
dominating the regime, interspersed with short duration high discharge events occurring at this 
site. The curve for the Vermilion River mainstem is more gradual, indicating a greater frequency 
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of higher flow events that are dominant for longer time periods in comparisons to the North Fork 
Vermilion and Little Wabash gauges. This is likely a function of releases from Lake Vermilion 
after high flow events.    
 
3.7.4 Flow duration curve for Yellow Creek 
 The result, in Figure 3.16, shows a relatively level profile, considering the small range of 
discharges involved, which suggests that the flow variability is low, with high consistency of 
discharge through time. A more updated tool has recently been developed to allow for estimation 
of flood frequencies for any selected location on a stream in Illinois. The USGS has developed 
StreamStats, which is an internet-based application that allows for the delineation of a watershed 
from a point, and calculation of basin characteristics, and peak streamflow statistics (Ishii et al., 
2010). The streamflow statistics are calculated based upon regression equations developed for 
Illinois by Soong and others (2004). Statistical analysis and testing by the USGS showed that the 
application is an accurate and reliable method to estimate flood frequency information, which is 
particularly useful for those rivers that are ungauged, such as Yellow Creek.  
 To compute the flood frequency data for Yellow Creek, the tool was accessed online 
(U.S. Geological Survey, 2010). The Krape Park Dam site on Yellow Creek was selected as the 
point from which the basin was delineated. Flood frequency curves, such as depicted in Figure 
3.15 are not an output of the tool. However, a table is produced of peak flood flows, based upon 
the equations in Soong and others (2004). The peak flows and their corresponding recurrence 
intervals are reproduced in Table 3.4.  
 The StreamStats tool produced flow values that are much higher than those generated 
through the use of the equations in Singh (1971). This result is not unexpected. The regression 
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equations contained in Soong and others (2004) incorporate additional parameters which are 
important contributing factors to flow within a watershed that are not contained in the Singh 
(1971) equations. These parameters include the main channel slope and soil permeability. 
Regional factors are included of a specificity greater than the data that was available to create the 
equations in 1971. Consequently, it is likely that the StreamStats tool provides a closer 
approximation of the flow value experienced at the Krape Park Dam. However, the most 
accurate method available to provide stream flow information at the dam site would be if a 
stream gauge with an available dataset for analysis was present.  
 
3.8 Summary 
 The four dams in the study set for this dissertation are all located within the Till Plains 
section of the Central Lowland physiographic province. The commonality in physiographic 
characteristics allows for the results to be compared with reasonable assurance that individual 
site characteristics will not differ so greatly that contrasts among all the sites become invalid. 
However, as with all regions, physical conditions will not be identical among all points within a 
defined geographic area. This is particularly true of locations that are near the boundary of a 
defined region. This dissertation contains an example at Freeport. While the site is located within 
the Till Plains section, the Yellow Creek watershed abuts the Driftless Area, a region that has a 
different physical development history than areas more centrally located within the Till Plains 
section. This will naturally introduce factors that could influence the development of fluvial 
process and form within Yellow Creek that may not be present in the Vermilion and Little 
Wabash River systems. Its northern location in Illinois translates to cooler overall temperatures 
65 
 
and lower precipitation compared to sites further south, with a concomitant influence on flow 
regimes.  
 The differences introduced by the location of Krape Park Dam in relation to the other 
sites and the Till Plains section raises the question of the representativeness of all the sites in the 
study set. The dams in the Vermilion and Little Wabash River systems clearly have very similar 
physical characteristics among each other. Krape Park Dam, while still located within the same 
defined physiographic region is close enough to the region boundary that certain characteristics 
will differ, though not of sufficiency to preclude comparison with the other sites. In fact, this 
provides an excellent opportunity to demonstrate the differences that may occur among dam sites 
located in disparate areas within the same physiographic region, and how these differences will 
need to be considered in dam management. 
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Table 3.1. Dam study sites.  
 
# City River Dam Name Latitude Longitude 
1 Danville North Fork 
Vermilion 
Ellsworth 
Park Dam 
40.1238oN 87.6386oW 
2 Danville Vermilion Vermilion 
River Dam 
40.1223oN 87.6314oW 
3 Effingham Little Wabash Effingham 
Dam 
39.1037oN 88.5928oW 
4 Freeport Yellow Creek Krape Park 
Dam 
42.2790oN 89.6509oW 
 
 
Table 3.2.Information for climate sites near dams for normal period 1971-2000. 
Site Climate 
Station 
Mean January 
Temperature 
(oC) 
Mean July 
Temperature 
(oC) 
Mean Annual 
Precipitation 
(cm) 
Danville Danville -3.4 24.1 104 
Effingham Newton -2.9 24 104 
Freeport Stockton -10.1 22 88 
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Table 3.3.USGS stream gauge sites near dam sites. 
Dam # and Name Stream Gauge Data Available 
1 - Ellsworth Park Dam 03338780 - North Fork 
Vermilion River at Bismarck 
10/01/1988 through 
09/30/2008 
2 - Vermilion River Dam 03339000 - Vermilion River 
near Danville 
10/01/1914 through 
09/30/2008 
3 - Effingham Dam 03378635 - Little Wabash 
River near Effingham 
10/01/1966 through 
09/30/2008 
4 - Krape Park Dam Not gauged N/A 
 
 
Table 3.4.Flood frequency statistics output from StreamStats tool for Krape Park Dam.  
Statistic (recurrence interval) Flow (cms) 
2 67.1 
5 111.9 
10 143.3 
25 185.0 
50 216.6 
100 248.1 
500 325.6 
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Figure 3.1.Till Plains section, Central Lowland physiographic province, with towns containing 
dams indicated. 
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Figure 3.2.Dam sites in Danville, Illinois. 
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Figure 3.3.Vermilion River Dam, Danville. 
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Figure 3.4.Ellsworth Park Dam, Danville. 
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Figure 3.5.Dam site in Effingham, Illinois. 
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Figure 3.6.Effingham Dam on Little Wabash River, Effingham. 
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Figure 3.7.Location of Krape Park Dam, Freeport. 
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Figure 3.8.Dam in Freeport within Rock River watershed, northwest Illinois. 
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Figure 3.9.Krape Park Dam, Freeport. 
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Figure 3.10. Flood frequency curve - North Fork Vermilion River. 
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Figure 3.11.Flood frequency curve - Vermilion River. 
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Figure 3.12.Flood frequency curve - Little Wabash River at Effingham. 
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Figure 3.13.Flow duration curve - North Fork Vermilion River. 
 
 
 
 
 
 
 
 
 
81 
 
Figure 3.14.Flow duration curve - Vermilion River. 
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Figure 3.15.Flow duration curve - Little Wabash River at Effingham. 
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Figure 3.16.Flow duration curve - Yellow Creek at Krape Park, Freeport. 
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CHAPTER 4 
 
 
INFLUENCE OF FOUR RUN-OF-RIVER DAMS ON CHANNEL 
MORPHOLOGY AND SEDIMENT CHARACTERISTICS  
 
 
4.1 Introduction and purpose 
 Large dams, by acting as barriers to movement of water, sediment, and aquatic 
organisms, can create major discontinuities in river geomorphological and ecological conditions 
(Christiansson, 1979; Kashef, 1981; Galay, 1983; Neil and Mazari, 1993; Baish et al., 2002; 
Morita and Yamamoto, 2002; Sethi et al., 2004; Graf, 2005; Lorang and Aggett, 2005; Burdick 
and Hightower, 2006; Orr et al., 2006).  By impounding water, dams lead to deposition of 
sediment within the upstream reservoir. Meanwhile, the release of sediment-starved flow from 
the reservoir typically leads to pronounced erosion, scour, and channel incision downstream 
(Christiansson, 1979; Kashef, 1981; Galay, 1983; Neil and Mazari, 1993; Baish et al., 2002; 
Graf, 2005). Over time, net decreases in flow downstream often result in channel narrowing, 
expansion of the floodplain, and encroachment of vegetation onto the expanded floodplain 
(Baxter, 1977; Benn and Erskine, 1994; Brandt, 2000). Degradation downstream of a dam 
persists spatially until the quantity of sediment eroded and entrained from the banks and bed 
become equal to the sediment-transport capacity of the flow (Petts, 1984; Williams and Wolman, 
1984; Chien, 1985). 
 Although the effects of large dams on rivers are well-documented, many dams are small 
run-of-river structures, also known as weirs or overflow dams, which typically have heights that 
do not surpass those of the adjacent channel banks (Born et al., 1998; Shafroth et al, 2002; Csiki 
and Rhoads, 2010). Run-of-river dams, a term frequently used by the applied river management 
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community, confine water between the channel banks upstream, allow flow to pass over the crest 
of the structure unimpeded, and have decreasing retention capacities with increasing flow stage 
(Csiki and Rhoads, 2010). Large dams, by contrast, extend well above the height of channel 
banks and create impoundments that completely inundate the river channel and floodplain 
upstream of the structure even at low flow stages. Although the influence of large dams on river 
morphology has been studied extensively, the geomorphological effects of run-or-river dams are 
poorly understood (Csiki and Rhoads, 2010). Past studies report considerable variability in 
sedimentation upstream of run-of-river dams (Lindloff, 2003; Wildman and MacBroom, 2005; 
Orr and Koenig, 2006). Whether or not extensive channel erosion related to the effect of 
“sediment-starved” water occurs downstream from run-of-river dams has yet to be ascertained. 
Overall, the extent to which run-of-river dams produce discontinuities in river geomorphology, 
expressed in changes in channel morphology and bed-material characteristics upstream and 
downstream of these dams, is unclear (Csiki and Rhoads, 2010). 
 The need for improved understanding of how run-of-river dams affect physical attributes 
of rivers is of considerable practical importance, given the practice of dam removal, which is 
expected to continue into the future. Run-of-river dams have increasingly been targeted for 
removal, especially since the 1990s. This trend is driven primarily by public safety concerns 
(run-of-river dams are often referred to as drowning machines) and increased risk of failure 
because of deterioration (Baish et al., 2002; Johnson and Graber, 2002; Pohl, 2002). Effective 
management of removals requires sound scientific knowledge of the effects that these types of 
structures have on river geomorphology and sedimentology (Pejchar and Warner, 2001; Doyle et 
al., 2005; Graf, 2005). Such knowledge will help guide decision making about the potential 
responses of river systems to the removal of run-of-river dams. 
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 This paper examines spatial variation in channel morphology and bed material upstream 
and downstream of four run-of-river dams in Illinois, U.S.A. The purpose is to ascertain the 
extent to which each particular dam produces discontinuities in channel form and sediment 
characteristics and whether these effects differ or are similar among the set of dams. All of the 
dams were constructed between 1910 and 1930 and therefore have been in place for similar 
lengths of time. The dams also are all located in watersheds with similar physiographic 
characteristics and land use. Results help to inform the extent to which run-of-river dams 
produce discontinuities in physical attributes of rivers.  
  
4.2 Regional Setting 
 
 The four Illinois dams examined in this study are situated in central and northern Illinois, 
U.S.A (Figure 3.1). Throughout the region, thick deposits of glacial sediments from the Illinois 
and Wisconsin glaciations cover the underlying bedrock (Schuberth, 1986). Surficial materials 
are comprised of a poorly drained silt-clay loam soil formed in loess (Fenneman, 1928; Barker et 
al., 1967; Kalita et al., 2006). The region has some of the most productive agricultural soils in the 
United States (Kalita et al., 2006).  Topography in central Illinois consists mainly of a series of 
relict arcuate end moraines with intervening ground moraine. Maximum local relief is on the 
order of 30 meters and is greatest where high-order rivers traverse the end moraines (Rhoads and 
Herricks, 1996). Rivers flowing through the region are low-gradient with channel slopes 
typically ranging between 0.00013 and 0.00070 (Crowder and Knapp, 2005).  The four run-of-
river dams examined in this study are situated on rivers with gradients within this range (Table 
3.1). 
Two of the dams are located in the watershed of the Vermilion River near Danville, IL 
(Figure 3.2; Table 3.1), which is a tributary to the Wabash River. One of these dams lies on the 
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mainstem of the Vermilion River (Vermilion River Dam), while the second is located on the 
North Fork of the Vermilion River (Ellsworth Park Dam), 1.8 km upstream of the Vermilion 
River Dam. Two additional dams not included in this study are located upstream of the 
Vermilion River and Ellsworth Park dams on the North Fork of the Vermilion River: the Aqua 
Illinois Dam, a run-of-river dam 3.8 km upstream of the Ellsworth Park Dam, and the Lake 
Vermilion Dam, an impoundment dam 4.1 km upstream of the Aqua Illinois Dam that creates a 
4.0 km2 lake. The Vermilion River watershed consists of flat uplands with constructive glacial 
topography, including end moraines, with highly dissected areas near the river valleys, which 
contain both fluvial and glaciofluvial deposits in which large amounts of sands and gravels were 
deposited (Barker et al., 1967; Jackson, 1980; Johnson and Bluer, 1980). Present land use in the 
watershed is dominated by row-crop agriculture (Wiley et al., 1990; Algoazany et al., 2007). 
Historically, portions of the Vermilion River bed west of Danville were excavated to mine 
known coal beds (Stapp and Bowman, 1968). Additionally, the river valley adjacent to the 
Vermilion River in Danville is confined by a series of rocky bluffs, which have been quarried. 
The removed rock has been replaced with fill over time upstream of the Vermilion River Dam. 
The North Fork Vermilion River is bordered by thick clay banks and bluffs upstream of Lake 
Vermilion, some of which are as high as 8 m (McCollum and Smith, 1982). Lake Vermilion has 
existed in its present form since construction in 1925. By 1982, the lake had lost an estimated 
55% of its original capacity through siltation. Within Ellsworth Park, a shale bluff borders the 
channel along the left bank directly downstream of the dam, with a second bluff adjacent to the 
right bank at the next meander bend at the southern extent of the park.  
The third dam in this study is  situated on the Little Wabash River in Effingham, IL 
(Effingham Dam; Figure 3.5; Table 3.1). From its origin in southwestern Coles County, Illinois, 
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the Little Wabash River flows 381 km to its confluence with the Wabash River southeast of New 
Haven, Illinois (Hite et al., 1993; White et al., 2005). The Little Wabash River watershed was 
affected by the Illinois glaciation, but not the Wisconsin glaciation (Cutright, 1968). Surficial 
materials consist of a mantle of unconsolidated sand, gravel, and sandy till glacial deposits that 
overlie bedrock. Agriculture and livestock operations have been the dominant land use in the 
watershed, constituting 75% of the total watershed area (Hite et al., 1993). Thus, the Little 
Wabash River and its tributaries have been anthropogenically modified through channelization 
and the installation of dams and farm field fords (Cutright, 1968; Hite et al., 1993). Local terrain 
at the Effingham Dam site has been modified considerably by the construction of a 60 meter high 
railroad embankment along the right bank adjacent to the channel downstream of the dam, the 
installation of a concrete revetment that extends along the right bank for 60 m downstream of the 
dam, and lining of the left bank with riprap along a distance of 45 m downstream of the dam. 
Additionally, upstream of the Effingham Dam, considerable quantities of woody debris have 
accumulated throughout the reach. 
The fourth dam is situated on Yellow Creek, within the boundaries of Krape Park, in 
Freeport, IL (Figure 3.7; Table 3.1). Yellow Creek is a tributary of the Pecatonica River, which 
in turn is a tributary of the Rock River. Because of greater watershed relief (about 1.5 times 
greater than for the other three dam sites; Table 3.1) and the smaller watershed area, flash 
flooding is common, particularly as a result of convective storms that occur in the late spring and 
summer (Pitlick, 1997). Present-day land use is a combination of agriculture, prairie, and 
deciduous forest. Near the dam, erosion of the left bank of Yellow Creek within Krape Park is 
known to be an ongoing concern (Roszkowski, 1994). 
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United States Geological Survey (USGS) stream gauges are available for three of the four 
dam sites. The data available from these gauges were analyzed for the periods of record to derive 
mean daily discharge, mean annual flood values, and flow variability related to each gauge. 
Yellow Creek in Freeport is ungauged. Characterization of the hydrology for Yellow Creek was 
achieved using a recently developed tool by the USGS, StreamStats, to allow for watershed 
delineation and determination of basin characteristics and flood frequencies for any location on a 
selected stream in Illinois (Ishii et al., 2010). The USGS gauge for the North Fork of the 
Vermilion River is located 13 km upstream of the Ellsworth Park Dam. The dams at the Aqua 
Illinois water plant and Lake Vermilion are located between the Ellsworth Park Dam and the 
gauge. The presence of Lake Vermilion affects the flows in Ellsworth Park, such that flows are 
typically lower than what otherwise would be without the existence of the lake. Data from this 
gauge is valuable nonetheless as releases from Lake Vermilion typically flood Ellsworth Park 
approximately once per year. All data derived from the gauge on the North Fork of the 
Vermilion River was adjusted upward 17%, which is the difference in watershed area between 
the dam and the gauge. The gauge for the Vermilion River mainstem is located downstream of 
the dam, and the Little Wabash River gauge is situated at the dam.  
 Analysis of the three stream gauges  yielded mean discharges of 10.25 cms/day for the 
North Fork of the Vermilion River, 29.5 cms/day for the Vermilion River mainstem, and 6.05 
cms/day for the Little Wabash River. Mean annual flood values for the three gauges are 271 cms 
for the North Fork of the Vermilion River, 452 cms for the Vermilion River mainstem, and 224 
cms for the Little Wabash River. Flow duration curves were also constructed for the three gauge 
sites based on the data from the periods of record to examine flow variability. This analysis 
yielded the steepest curve for the Little Wabash River, indicating a high degree of variability in 
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the flow regime compared to the Vermilion River. For Yellow Creek at Freeport, output from the 
StreamStats tool does not provide sufficient information to allow the mean discharge or mean 
annual flood to be determined. The tool reports approximate flow values for specific recurrence 
intervals based upon regression equations developed for Illinois. For the 2-year recurrence 
interval, reasonably close to the 2.33-year average recurrence interval for the mean annual flood 
(Dunne and Leopold, 1978), StreamStats estimates a flow of 67.1 cms. 
 
4.3 Materials and methods 
4.3.1 Field data collection and laboratory analysis 
 Field data for determination of morphology and sedimentology were collected using the 
same sampling design at each dam site, which included measurements of channel dimensions, 
bed material sampling, and the coring of sediments directly behind two of the four dams. 
Additionally, channel morphological and sedimentological character was evaluated at a reference 
site located on each river upstream from each dam to allow for comparisons between the 
observed conditions near to the dams themselves with those farther away from the influence of 
any minor impoundments created by the presence of the run-of-river structures. This work was 
started in 2006, while the bulk of field data collection occurred in 2007 and 2008.  
 Reference sites were located between 5 to 10 km upstream of each dam, at a distance 
largely determined by logistical concerns, in river segments that were fairly straight and as far as 
possible from the influence of meander bends. At each reference site, three cross-sections were 
surveyed with a stadia rod and level one channel width apart. Bed sediment samples were 
collected along these cross-sections, with three samples collected at the central of the three cross-
sections, and two samples each at the adjacent cross-sections for a total of seven per site. At both 
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Vermilion River watershed sites, a total of five samples were collected because of similarities in 
bed material along cross-sections. For each cross-section, samples were collected at evenly 
spaced distance values along the cross-section line to maximize the reduction of bias in sampling 
and maintain a consistent method among the four reference sites. All samples were collected 
with a grab sampler and geolocated using a global position system (GPS). For determination of 
channel morphology, cross-sections were established  upstream of each dam at a distance of one-
half the channel width, beginning at the dam and extending one (1) km upstream. This distance 
was selected to include the backwater created by the dam.  At Ellsworth Park, the upstream 
distance extended only 0.5 km given the presence of a bridge crossing where the bed was 
covered by numerous pieces of concrete debris, creating a distinct upstream boundary in channel 
morphology. In the field, cross-sections were surveyed using an Odom Hydrotrac fathometer 
(Odom Hydrographic Systems, 2007), capable of centimeter level accuracy, and a Hemisphere 
global positioning system (GPS), both of which were mounted on a jon boat. Hypack navigation 
software running on a laptop computer was used to collect the bathymetric data and to navigate 
cross-section lines.  Prior to use of the fathometer, monuments were installed at each site and the 
elevations of these monuments were referenced to nearby benchmarks of known elevation. 
Immediately preceding each survey, the elevation of the water surface was determined using a 
rod and level.  The transducer depth was subtracted from the water surface elevation and this 
value was used to convert sounding depths to bed elevations (in meters above mean sea level). 
Channel cross-sections were surveyed successively starting at the dam and moving upstream. 
Over a distance of six channel widths upstream, cross-sections were surveyed at half channel-
width spacings; thereafter the spacing was one channel width, except in cases where obstructions 
prevented surveying, in which case the next upstream cross-section was surveyed. At Ellsworth  
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Park, the cross-section dataset is supplemented by two cross-sections that were surveyed 
manually using a stadia and rod within a short, shallow subreach about 50 m upstream of the 
dam. Immediately upstream of the dams a modified method of surveying was used to 
accommodate safety issues posed by operating a boat close to the crest of the dams. Here, 
transect lines were oriented parallel rather than perpendicular to the flow. An anchor was set on 
the bed in the vicinity of the second cross-section upstream from each dam, and the tethered jon 
boat allowed to slowly drift toward the dam while surveying the channel bathymetry with the 
fathometer. This procedure was repeated six times at equal intervals across the channel width.   
Although the Hypack software allows the boat operator to view the position of the boat in 
real time in relation to an established cross-section, realistically it is not possible to maintain the 
position of the jon boat precisely on the cross-section. To address this problem, the cross-section 
was traversed three times with the boat.  For each set of three lines, a kriging operation was 
performed in ArcGIS to produce a narrow, interpolated topographic surface along the path of 
each cross-section. Bed elevations along the cross-section were then derived from the 
interpolated surface (Figure 4.1). The spatial extent of the study reach downstream of each site 
was set at a standardized distance of ten (10) dam widths, though varying site conditions required 
slight modifications of the survey procedure from site to site.  For Ellsworth Park, two cross-
sections within 100 m of the dam were surveyed with a rod and level, whereas the boat and 
fathometer were used to survey cross-sections farther downstream. In this case, the procedure 
used to extract bed elevation points to established cross-sections is identical to that employed 
upstream. An electronic total station was used to survey cross-sections downstream of the 
Vermilion River Dam. Dense bank vegetation and overhanging canopies prevented effective use 
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of the total station at  Effingham and Krape Park; thus, standard rod and level surveys were 
employed.  
To assess sediment characteristics, samples of bed material upstream of each dam were 
collected with a ponar grab sampler at two uniformly spaced positions along the same cross-
sections used for the morphology survey up to a distance of six channel widths from the dam. 
Thereafter, one sample was collected every four channel widths, unless three successive samples 
appeared to be similar, in which case the interval was increased. GPS coordinates were recorded 
for all sediment sampling locations. On the North Fork Vermilion River, the presence of the 
Aqua Illinois Dam and Lake Vermilion necessitated additional sampling behind both of these 
structures. Upstream of the Aqua Illinois Dam, samples were collected using a similar procedure 
employed at the other sites. In Lake Vermilion, a local grid was constructed and six samples 
were collected at points where grid lines intersected, which were georeferenced using the GPS. 
An additional four samples were collected in the river channel just upstream of Lake Vermilion.  
Downstream of each of the run-of-river dams, two uniformly spaced samples were collected on 
the cross-sections to a distance of three channel widths, with one sample collected every two 
channel widths thereafter. Directly downstream of the Vermilion River and Krape Park Dams, 
bed material was too coarse to sample, and the Wolman (1954) pebble-count procedure was 
employed along the established cross-sections. In the laboratory, each sample was processed 
through a standard sieve stack. Any sample where the pan fraction (silt and clay) equaled or 
exceeded 10 percent of the total original sample mass was further processed by subjecting the 
pan fraction to hydrometer analysis. Hydrometer analysis of 31 samples was based on standard 
methods (Asworth et al., 2001). 
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 Sediment cores were collected from the sediments directly upstream of the Effingham 
and Krape Park Dams, for the purpose of evaluation of 137Cs, which was a byproduct of nuclear 
weapons testing that peaked during 1963 and 1964. The detection of a layer high in 137Cs is 
useful for dating accumulated sediment (Van Metre et al., 1997; Albrecht et al., 1998; Juracek 
and Ziegler, 1998), as such a marker layer can be associated with the peak years. Analysis using 
137Cs is particularly applicable to locations where fine sediments often accumulate, such as 
behind a dam, as the 137Cs will preferentially adsorb to fine particles. The purpose of the 137Cs 
analysis of cores was to determine whether storage of fine sediment behind run-of-river dams is 
occurring over the long-term and whether the accumulated sediment remains stable and 
undisturbed. A bottom corer with an installed plastic tube was used to collect two cores upstream 
of the Effingham Dam and three cores at Krape Park, two in the sediments behind the dam and 
one in the adjacent floodplain sediments.  Each core was inspected to identify depositional layers 
of uniform textural characteristics. The segmented subsamples were disaggregated after 24 hours 
of aeration, followed by placement within a Geiger counting assembly for up to one week during 
which time the total release of 137Cs isotopes was determined.  
 
4.3.2 Statistical analysis 
 Statistical analysis focused on potential differences among channel form and sediment 
characteristics at the reference sites, locations upstream of the dams, and locations downstream 
of the dams. In each case, the null hypothesis was that the differences in median values for 
morphological and sedimentological parameters are not sufficiently disparate such that the 
difference among locational comparisons is not statistically significant. Morphological analysis 
focused on channel width and mean depth, whereas sediment analysis focused on several particle 
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size classes, including gravel, sand and silt/clay. Prior to statistical analysis, the Shapiro-Wilk 
test was used to assess whether data conform to normal distributions. Of the 24 morphological 
groupings (three groupings for two parameters at four dams), six did not pass the Shapiro-Wilk 
test of normality. Of the 36 sedimentological groupings  (three groupings for three sediment size 
classes at four dams), eight did not pass the Shapiro-Wilk test of normality. Based on these 
results, the  nonparameteric Mann-Whitney U Test was used for statistical testing of differences 
in sample medians among the different groupings (Boslaugh and Watters, 2008; Skalak et al., 
2009). 
 Possible trends in channel width, channel depth, and textural characteristics of bed 
material over distance upstream and downstream of each dam were explored by plotting these 
variables over distance and computing correlation coefficients  for the resulting relations. Data 
that exhibited linear trends and statistically significant values of r were analyzed using regression 
analysis to determine R2 (coefficient of determination) and the regression coefficient. For this 
research, the independent variable in these analyses was distance away from the dam, while the 
dependent variable is the morphological or sedimentological parameter of interest (i.e., width, 
gravel percentages, etc.), based on the null hypothesis that values of the variable exhibit no 
trends over distance. In these analyses, the presence of outliers was also determined. 
 
4.4 Results 
 
4.4.1 Ellsworth Park 
 
4.4.1.1 Morphology 
 The median of the bankfull widths for the North Fork Vermilion River channel upstream 
of Ellsworth Park Dam (38.8 m) is 7.3 m greater than the median of bankfull widths at the 
reference site (31.5 m), a difference that is statistically significant at the 0.05 level (Table 4.1). 
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The median of the mean channel depths upstream of the dam is nearly 1.5 meters greater than the 
median of the mean depths in the reference reach – a difference that is not significant at the 0.05 
level, but that is significant at the 0.08 level (Table 4.1). The median of the channel widths 
downstream of the dam is about 5 meters greater than the median of widths upstream, whereas 
the median of the channel depths upstream is 0.1 meters greater than the median of the depths 
downstream. The difference for depth is not significant at the 0.05 level, though the difference in 
widths is significant at the 0.02 level (Table 4.1). 
 Channel widths upstream of the dam are greatest close to the dam, whereas channel 
depths are greatest toward the upstream end of the survey reach (Figure 4.2). Mean depths are 
smallest 85 m upstream of the dam (cross-section US-5) where bed elevations are high (Figures 
4.2 and 4.3). Cross-sections upstream of the Ellsworth Park Dam are fairly symmetrical, but 
some deepening on the outside of curved sections of the channel is evident (i.e. cross-section 
US-35; Figure 4.2). Overall, the upstream cross-sections closest to the dam (black in Figure 4.2) 
are wider and shallower than those far upstream of the dam (red in Figure 4.2). The channel 
immediately upstream of the dam exhibits considerable asymmetry with greater depths along the 
right bank than the left bank (cross-sections US-2, US-3, US-4; Figure 4.2). Directly upstream of 
the dam at cross-section US-2 (Figure 4.2), the accumulation of sediment along the left bank is 
about 1 m above the base elevation of the dam.  The bed elevation in the deep area along the 
right bank is roughly at the elevation of the base of the dam. Directly downstream of the dam, 
channel cross-sections are symmetrical with flat beds, though slight deepening is present directly 
downstream of the dam (cross-section DS-3) adjacent to the right bank (blue in Figure 4.2). Bank 
heights are also low in the reach directly downstream of the dam compared to bank heights 
upstream.  
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Plots of variations in channel width and depth over distance show that only depth 
upstream of the dam varies systematically, with depth increasing in the upstream direction 
(Figure 4.4). The correlation coefficient and slope value for the regression of channel depth 
versus distance upstream of the dam are both significant at the 0.05 level. Channel widths 
upstream and downstream of the dam show no systematic patterns of variation. 
 The longitudinal profile upstream and downstream of the dam shows that bed elevation 
varies over a range of about 2 meters and exhibits no systematic trends from upstream to 
downstream (Figure 4.3).  Most variations do not appear to be related to the influence of the 
dam, but instead reflect local effects of artificial structures or planform variations on flow and 
sediment transport.  The exception is the increase in channel depth directly downstream of the 
dam. Upstream, the lowest elevations occur about 200 to 300 meters away from the dam in the 
vicinity of a pronounced meander bend and where the channel passes under a footbridge (Figure 
4.3).  Here, bed elevations are about 0.75 m lower than the base of the dam. The rise in bed 
elevation upstream of this reach coincides with a relatively straight section of channel between 
two meander bends and reflects changes in bed topography associated with planform variation. 
The highest elevations occur about 100 m upstream of the dam and 50 meters upstream of the 
US 150 highway bridge where obstruction of the flow by a central bridge pier has led to 
deposition (Figure 4.3).  Bed elevations at this location are approximately 1 meter above the base 
of the dam. Immediately upstream of the dam (0-25 meters), the channel bed is slightly below 
the base of the dam face. Immediately downstream of the dam, the bed elevation decreases 
(about 0.45 m), then increases (about 0.65 m), then decreases a second time to a minimum 
elevation near the remnant of an old bridge pier, which has caused local scour of the bed. This 
location also corresponds to the greatest channel depths downstream of the dam.  
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4.4.1.2 Sedimentology 
 Sediment samples collected from the North Fork Vermilion River within Ellsworth Park 
and at the reference site are all comprised mainly of sand and gravel (Table 4.2). The proportion 
of sand and gravel ranges from 95 to 100 percent for these samples. Statistical analysis, however, 
shows that samples upstream of the dam contain more gravel and less sand than those for the 
reference site – differences that are statistically significant at the 0.05 level (Table 4.2). Samples 
upstream and downstream of the dam differ significantly only in terms of the percent silt and 
clay with upstream samples having slightly more silt and clay than those downstream (Table 
4.2). However, only two samples upstream of the dam contain more than 2.3% silt and clay. 
Neither of these samples is located directly behind the dam, but instead both are located toward 
the outside of bends near the upstream end of the reach. Plots of sediment characteristics with 
distance upstream away from the dam shows that, with the exception of one sample located 234 
m upstream of the dam on the inside of a meander bend, all samples exhibit reasonable textural 
consistency and predominately contain large amounts of gravel (Figures 4.4 and 4.5). Only the 
silt/clay fraction exhibits a statistically significant trend, with the silt/clay proportion increasing 
as distance from the dam increases (Figures 4.4 and 4.5). One residual is present within the 
sample set, located 408 m upstream from the dam, which has the highest proportion of silt/clay 
of any upstream sample (3.4%). This value is 3.03% higher than the median value of the silt/clay 
proportions of samples upstream of the dam (0.37%). Correlation between silt/clay proportions 
in the samples and distance away from the dam is likely to be strongly influenced by this outlier. 
 Farther upstream, the composition of samples above the Aqua Illinois Dam contain large 
percentages of sand and gravel (Table 4.3). Only one sample of the four collected at this location 
has a silt/clay proportion greater than 1%. Two of the samples have large percentages of sand, 
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similar to samples collected at the reference site, whereas the other two have abundant gravel, 
similar to samples collected upstream and downstream of the Ellsworth Park Dam. The number 
of samples collected at this site was limited by presence of a hard surface, either concrete or 
bedrock, along the left side of the channel.  The small sample size does not allow for statistical 
comparisons with samples collected at the reference site and upstream and downstream of the 
dam,  but the bed-material characteristics at this location are similar to those elsewhere in the 
North Fork Vermilion River system    
 Compared to the sediment within Ellsworth Park and behind the Aqua Illinois dam, 
samples collected in Lake Vermilion are quite different in composition. None of the six samples 
contains gravel, and the proportion of sand is less than 2 percent (Table 4.4; Figure 4.6). The 
four samples closest to the lake outlet are comprised of about 50% silt and 50% clay, 
representing typical lake sediments. The two samples in the headwaters of the lake consist of 
about 65% silt and 35% clay. In the river reach immediately upstream from the lake where four 
samples were collected in addition to the six from the lake, the bed material again consists 
mainly of sand and gravel with small percentages of silt and clay (< 2%) (Table 4.4; Figure 4.6). 
Collectively, these results confirm that Lake Vermilion, a classic impoundment reservoir, is 
highly effective at trapping fine sediment delivered to it by the North Fork of the Vermilion 
River.  The trapping of fine sediment, including sand, by the reservoir may account for the 
significantly lower sand content of bed-material samples upstream of the Ellsworth Park Dam 
compared to samples from the reference reach upstream of the Lake Vermilion dam; however, 
two samples at the Aqua Illinois Dam, located downstream of Lake Vermilion, do contain 
substantial amounts of sand. The combined effects of the Vermilion Lake Dam and Aqua Illinois 
Dam may limit the amount of sand at Ellsworth Park.  
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4.4.2 Vermilion River 
4.4.2.1 Morphology 
 At the reference site for the Vermilion River Dam, located 8.8 km upstream from the 
dam, the median channel width is 45 m, while bankfull mean depths of the individual cross-
sections vary from 0.95 to 1.02 m. The reference median channel width is 10 m less than 
upstream of the dam, while the median depth at the reference site is 3.9 m less than upstream of 
the dam (Table 4.1). The width difference between the reference site and upstream of the dam is 
significant at the 0.10 level, while the difference for depth is significant at the 0.01 level. 
Differences in channel width and depth between the reference site and upstream of the dam may 
potentially be the result of addition of flow from the North Fork Vermilion River, which joins 
the Vermilion River between the dam and the reference site. Individual cross-section maximum 
depths at the reference site, relative to bankfull, range from 1.33 to 2.03 m, which is less than 
depths at locations farther upstream on the Salt Fork Vermilion River. Reference cross-sections 
were collected on a straight reach of the Vermilion River in the vicinity of a large bar. It is 
possible that sediment accumulations associated with this bar, combined with limited valley 
constriction at the site compared to locations upstream, may account for the relatively small 
reported values of bankfull depth at the reference site. 
Channel width increases dramatically from upstream to downstream of the dam with the 
downstream width double the upstream width (Table 4.1; Figure 4.7).  This increase in width, 
which is significant at the 0.01 level, is caused by bar development within the channel 
immediately downstream of the dam. The main thread flow downstream of  the dam is located 
near the base of the right bank, where undercutting and bank slumping are evident, while a 
secondary thread that only contains flow during high discharge is present toward the left bank 
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(Figure 4.7). A large bar containing a considerable accumulation of gravel is situated between 
the two threads, which extends from about 30 m from the dam to approximately 240 m away 
from the dam.  
Channel depth is slightly greater downstream of the dam than upstream, but the 
difference is not statistically significant (Table 4.1). Scour is prominent upstream of the dam (60 
to 130 m) with the greatest depths  (8.5 to 9 m) occurring along the left bank.  The channel here 
exhibits considerable cross-sectional asymmetry with elevations along the right bank about 3 
meters higher than those along the left bank.  This asymmetry may be related to the planform of 
the river. The Vermilion River Dam is situated on a bend in the channel, which probably results 
in scour along the left (outer) bank and deposition along the right (inner) bank of the bend.  
 Both channel width and channel depth decrease significantly in the upstream direction 
(Figure 4.4). Channel width decreases at a rate of about 1 meter of width per hundred meters of 
channel distance, whereas channel depth decreases at a rate of 1 meter per thousand meters.   
Neither channel width nor depth exhibit statistically significant trends over distance downstream 
of the dam (Figure 4.5).  
 The longitudinal profile upstream and downstream of the dam illustrates a range in bed 
elevation that spans about 2.7 meters (Figure 4.8). The most prominent aspect of the longitudinal 
profile is the pronounced zone of scour immediately upstream from the dam. This zone extends 
about 200 meters upstream and reaches a maximum depth of scour that extends over one meter 
below the base of the dam.  Upstream of the zone of scour bed elevation rises abruptly by about 
1.75 meters and varies between 155 and 156 masl over a distance of about 700 meters.  Between 
900 and 1400 meters upstream of the dam the bed elevation is fairly constant at 156 masl before 
decreasing rapidly by over 2 meters at the most upstream extent of the measured reach.  The 
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extent of the profile downstream of the dam is limited, but the rise in bed elevation associated 
with bar development is noticeable within a distance of 100 m from the dam. Downstream of the 
bar, the channel narrows and shallows upstream of a railroad bridge crossing, producing a rise in 
bed elevation toward the downstream end of the reach.    
 
4.4.2.2 Sedimentology 
 All samples from the Vermilion River (upstream of dam, downstream and reference site) 
consist mainly of sand and gravel (> 95 %) with silt/clay percentages less than 3% (Table 4.1). 
Six of 16 samples upstream of the dam and 13 of 15 samples downstream of the dam contain less 
than 1% silt/clay (Figures 4.4 and 4.5). Similarly, three of five samples from the reference sites 
have silt/clay percentages less than 1% and all of these samples have silt/clay percentages of 3% 
or less. The median proportion of gravel is significantly higher and the proportion of sand 
significantly lower at the reference site compared to samples upstream of the dam (Table 4.2). 
Comparisons of sample medians upstream versus downstream of the dam shows that the gravel 
fraction comprises the greatest proportion of samples downstream (median of 71.5% of all 
samples), with the exception of samples near the base of the right bank, where the sand fraction 
is slightly higher given the proximity to  fine material from the eroding bank. Conversely, sand is 
the primary fraction in samples upstream of the Vermilion River Dam with a median value 
upstream more than double that downstream (Table 4.2). Results further show that the silt/clay 
proportion, while comprising a tiny fraction of samples, has an upstream median value that is 
more than 5 times greater than the downstream median value, a difference that is statistically 
significant at the 0.01 level. 
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 Variations in the particle size fractions with distance away from the dam do not exhibit 
statistically significant trends, either upstream or downstream (Figures 4.4 and 4.5). Upstream of 
the dam, a tendency exists for a decrease in the proportion of sand in samples over distance, a 
trend that is significant at the 0.07 level. An analogous trend is observed for the silt/clay 
proportion of samples, but these trends are not strong enough to be statistically significant at the 
0.10 level (Figures 4.4 and 4.5). 
 
4.4.3 Little Wabash River 
4.4.3.1 Morphology 
 The Little Wabash River reference site is located 5.5 km upstream of the Effingham 
Dam. Here, channel widths vary from 27.9 to 36.5 m, while mean depths range from 1.15 to 1.93 
m (Table 4.1). Cross-section widths upstream of the dam vary between 24.4 to 34.2 m and the 
median width does not differ significantly from the median width at the reference site. Depths 
upstream from the dam range from 2.20 to 4.12 m, with the greatest values found in bends, and 
the median depth is significantly larger than at the reference site. The median channel width is 
4.1 m higher downstream of the dam than upstream, a difference that is statistically significant at 
the 0.03 level (Table 4.1). The median depth downstream of the dam (4.08 m) is also 
significantly greater than the depth upstream (2.97 m; Table 4.1), indicating enlargement of the 
channel below the dam. 
 Some scour is evident along the right side of the channel upstream of the dam (cross-
sections US-3 and US-4), although the cross-section closest to the dam (US-2) is rather 
symmetrical (Figure 4.9).  None of these cross-sections have bed elevations that extend below 
the base of the dam.  Most cross-sections farther upstream exhibit varying symmetry associated 
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with the response of channel geometry to planform curvature (Figure 4.9).  The cross-section 
plot clearly shows the enlargement of the channel downstream of the dam.  Most cross-sections 
downstream from the dam have relatively symmetrical shapes with relatively flat beds (Figure 
4.9). The exception is cross-section DS-11, located within a large scour pool 160 meters 
downstream of the dam and directly upstream of a railroad bridge.  This zone of scour produces a 
deep thalweg with a maximum local depth of 5.10 m. The pool is an extended feature that may 
be related to: 1) scour below the dam, 2) constriction of flow by the bridge, and 3) curvature of 
the channel in the vicinity of the bridge. 
        No statistically significant spatial trends in width and  depth occur upstream of the dam 
(Figure 4.4). Both the average channel width and depth remain nearly constant over distance, 
although oscillation of widths about the average value is apparent. This oscillation reflects 
systematic variations in width that occur in conjunction with the meandering planform of the 
river. The regression relation fit to width data downstream of the dam exhibits a trend, but the 
scatter about this trend is too large for it to be statistically significant. Mean channel depth, on 
the other hand, does decrease significantly over distance downstream of the dam at a rate of 
about 1 meter per 500 meters.  
 Over the length of the study reach, the longitudinal profile shows that bed elevations vary 
over a range of about 4 m.  The highest elevation occurs about  370 m upstream of the dam on a 
riffle and the lowest elevation occurs 160 m downstream of the dam in the extended pool 
upstream of the railroad bridge (Figure 4.10). Upstream of the dam, with the exception of a local 
low about 90 meters from the dam, all of the low points in the profile correspond to pools in 
meander bends. Only two of the low points have elevations lower than the base of the dam 
(Figure 4.10). Local highs in the profile upstream of the dam generally rise to about one-half the 
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height of the dam face, including a high point located within 20 meters of the dam.     
Downstream of the dam, bed morphology is dominated by the extended zone of scour.  The 
consistent rise in bed elevation downstream of this zone strongly influences the pattern of 
channel depth, resulting in the significant decrease in depth over distance (Figure 4.10). 
Although  the presence of the dam may influence the development of the downstream zone of 
scour, the channel and adjacent banks from the US Route 40 highway bridge to the channel and 
adjacent banks have clearly been modified, including the construction of the railroad 
embankment to the right of the channel (looking downstream).  The exact influence of channel 
modifications on patterns of erosion and deposition are difficult to discern and complicate efforts 
to identify the effects of the dam on these patterns.  
 
4.4.3.2 Sedimentology 
 Bed-material samples from the Little Wabash River upstream of the Effingham Dam, and 
from the reference site, have greater percentages of silt/clay particles than sediments upstream of 
the Ellsworth Park and Vermilion River Dams and their reference sites (Table 4.2). Eleven of the 
16 samples from upstream of the Effingham Dam have silt/clay proportions greater than 10% 
(Figure 4.4). In contrast, samples at the reference sites and downstream of the dam generally 
have percentages of silt/clay less than 2%. As a result, the median silt/clay percentage is 
significantly greater upstream of the dam than downstream or at the reference site. Overall, the 
Little Wabash River is much sandier than the Vermilion River system. However, the percentage 
of sand, the dominant coarse fraction in this system, is much less upstream of the dam than 
downstream or at the reference sites. The difference in sand percentage upstream and 
downstream of the dam is significant at the 0.05 level, whereas the difference in the percentage 
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of sand upstream of the dam versus at the reference site is only significant at the 0.10 level. The 
percentage of gravel is also significantly greater downstream of the dam than upstream.   
None of the classes of particle sizes exhibits a statistically significant trend over distance 
either upstream or downstream of the dam (Figures 4.4 and 4.5). Throughout the upstream reach, 
the relative proportions of the particle size classes fluctuate widely. Downstream, the proportion 
of sand increases in a highly non-linear pattern over distance with a corresponding nonlinear 
decrease in the proportion of gravel.  The patterns of both sand and gravel do fit an exponential 
function (Figure 4.5).  
 
4.4.3.3 Cesium-137 Analysis 
 Two cores for 137Cs analysis were obtained from the sediments stored upstream of the 
dam. One core extended to a depth of 23 cm, while the second extended to 15 cm. In the 
laboratory, each core was divided into subsections for analyses. For the first core, the depths at 
which divisions occurred were 6 cm, 9 cm, 14 cm and 18 cm, while for the second core, these 
were 5 cm, 8 cm and 11 cm. In every subsection of both cores, the 137Cs concentration is <0.002 
mBq/g. Thus, no pattern of 137CS over depth exists, nor can layers with elevated values of 137Cs 
be identified in the deposits behind the dam. In contrast, 137Cs values representative of nuclear 
weapons testing in the World War II period range from 5 to 10 mBq/g (Cabot et al., 2008). 
During a study in New York State, Nagle and others (2007) found 137Cs  values at or above 23.7 
mBq/g in agricultural and pastureland soils, while values averaged 2.2 mBq/g in settling ponds, 
while values in river sediments ranged from 0 to 43 mBq/g. In salt marshes of the Upper Texas 
Coast, peak values of 137Cs  were around 8 mBq/g (Feagin and Yeager, n.d.). 
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4.4.4 Yellow Creek 
4.4.4.1 Morphology 
 The reference site for Yellow Creek is located 11.9 km upstream of the Krape Park Dam. 
Neither the median channel width nor the median channel depth is significantly different from 
the width or depth upstream of the dam (Table 4.1). Also, median channel widths and median 
depths do not differ statistically from one another upstream and downstream of the dam. 
 Cross-sections immediately upstream of the Krape Park Dam are rather wide and shallow 
(US-3 to US-5) compared to those farthest upstream (US-50, US-83) (Figure 4.11). About 800 m 
upstream, in the vicinity of cross-section US-50, channel widths decrease to about 20 m, a 
function of a vertical bedrock outcrop that borders the channel along the right bank.  Upstream, 
the decrease in channel width with distance from the dam is statistically significant, but channel 
depth remains fairly constant (Figure 4.4).  The widest cross-sections occur immediately 
downstream of the dam (i.e., DS-3) (Figure 4.11).  Overall, however, channel width increases 
significantly in the downstream direction, whereas channel depth decreases significantly (Figure 
4.5).  The complete longitudinal profile for the study reach shows that the range of bed 
elevations is about 1.6 m from the highest elevation, located about 1000 m upstream of the dam, 
to the lowest elevation, located downstream of the dam  (Figure 4.12).  The abrupt drop in bed 
elevation downstream of the dam is clearly evident. If the sharp dip in elevation just downstream 
of the dam is not considered, than the total range of elevations, both upstream and downstream, 
is only about 1.1 m. Other variations in the profile are minor, and reflective of the local effects of 
planform variations. In comparison to the other three dam sites, variations in the profile upstream 
are not as pronounced. Bed elevations rise about 0.6 m upstream of a roadway bridge sited about 
900 m from the dam. Downstream of the dam, the channel longitudinal profile is relatively 
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uniform (Figure 4.12), save for the sharp drop that occurs within the first 100 m away from the 
dam, before the profile becomes more uniform, with a range of only about 0.4 m through the 
remainder of the reach. The sharp drop downstream of the dam is likely caused by scour, 
resulting from the presence of the dam.  
 
4.4.4.2 Sedimentology 
 None of the samples collected at the reference site have proportions of silt/clay that 
exceed 1%. Of the 16 samples  collected upstream of Krape Park Dam, six contain silt/clay 
proportions greater than 50%, while eight samples have proportions greater than 10%, with only 
one sample at the upstream extent of the study reach exhibiting a proportion that is less than 1%, 
signifying that a sizeable amount of fine sediment covers the channel bed upstream of the dam 
(Figure 4.15). Median silt/clay proportions upstream of the dam are significantly larger than 
those for  the reference site and for samples collected downstream of the dam (Table 4.2). 
Downstream of the Krape Park Dam, the median proportion of gravel in samples is 100%, 
compared to 31.63% for samples collected upstream of the dam, resulting in a highly significant 
difference between medians for these gravel fractions (Table 4.2). Correlation analyses do not 
reveal any significance trends in particle size characteristics over  distance upstream or 
downstream of the dam (Figures 4.15 and 4.16). 
 
4.4.4.3 Cesium-137 analysis 
 Two cores were obtained from the sediments upstream of the dam, while a third core was 
collected from the floodplain sediments adjoining the channel immediately upstream of the 
Krape Park run-of-river dam. The first core, a total length of 29 cm, was divided into six samples 
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at depth values of 5 cm, 10 cm, 15 cm, and 24 cm. The second core was 55 cm long, with splits 
occurring at 5 cm, 9 cm, 14 cm, 19 cm, 24 cm, 29 cm, 34 cm, 39 cm, 44 cm and 49 cm.  Lastly, 
the floodplain core was 5 cm long and was split at 2 cm and 3.5 cm. Similar to the Little Wabash 
River, the 137Cs concentration in all core subsections was <0.002 mBq/g. For the third core, a 
concentration of 0.003 mBq/g was observed for the 0-2 cm subsection, which prompted 
geochemistry staff to recount this subsection. Similar to the results observed for the Effingham 
Dam, the results from the Yellow Creek cores are far below values reported in other studies. 
Further, there is no pattern with depth in any of these cores, or any distinct layer with elevated 
137Cs  values.  
 
4.5 Discussion 
Results for the four run-of-river dams examined in this study suggest that none of these 
structures produces major discontinuities in river morphological or sediment characteristics.  
Significant changes in morphology or sediment characteristics do occur at some of the dams, but 
the effects are not highly uniform among the dams.  Instead, the effects, or lack thereof, seem to 
vary from site to site.   Impoundment dams are known to lead to considerable degradation 
downstream as sediment-starved water released below the impoundment entrains sediment from 
the channel boundaries (Womack, 1998).  The lack of significant differences in channel depth 
upstream versus downstream of the dams at three of these four sites, combined with the lack of 
an abrupt discontinuity in the longitudinal profile of the channel bed at all four sites  suggest that 
major degradation has not occurred downstream.  At the Effingham Dam, where channel depth is 
significantly larger downstream than upstream, it is difficult to conclude that this difference has 
anything to do with the dam because the adjacent channel banks and floodplain have been 
greatly modified by human activity.  Channel width is greater downstream than upstream at three 
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of the four dams.  Increased width downstream of a dam suggests that channel widening through 
bank erosion has occurred.  The most dramatic increase in width occurs at the Vermilion River 
Dam where the channel width downstream is more than two times the width upstream.  This 
increase in width is associated with the formation of a large bar along the east bank downstream 
of the dam that deflects flow laterally into the opposite bank, leading to channel widening.  The 
exact cause of bar development is unclear, but could be related to local accumulation of material 
as high flows over the dam cause material to be mobilized immediately downstream of the dam 
and then redeposited a short distance downstream.  At Effingham, the considerable modification 
of the terrain adjacent to the channel downstream of the dam precludes assignation of widening 
to the influence of the dam. The straight planform of the Little Wabash River between the US 
Highway 40 bridge upstream of the dam and the railroad bridge downstream indicates it has been 
channelized.  In Ellsworth Park, the channel widening also appears to be related to the formation 
of a bar downstream of the dam and deflection of flow laterally into the opposite bank.  The lack 
of significant channel degradation downstream of these run-of-river dams suggests that these 
structures do not trap enough sediment to produce large deficiencies downstream.  
The most prominent discontinuity among the four dams is the significant decrease in 
silt/clay content of the bed material from upstream to downstream of the four structures. In two 
cases, Effingham and Krape Park, it appears that trapping of fines upstream of the dam accounts 
for this difference because the percentage of silt/clay upstream of the dams exceeds 30%, which 
is much larger than percentages downstream (< 1%) and at the reference site (1-4%).  By 
contrast, trapping of fines is less clear for the dams on the Vermilion River system.  At Ellsworth 
Park, the percentage of fines upstream and downstream of the dam, despite being significantly 
different, is less than 1%.   Similarly, for the Vermilion River Dam, the percentage upstream is 
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only slightly greater than 1%.  The dramatic difference in sediment composition of materials in 
Lake Vermilion, formed by an impoundment dam, versus those behind the two run-of-river dams 
confirms that the latter are not efficient at trapping fine materials. Materials in Lake Vermilion 
consist almost wholly of silt and clay. This finding is consistent with previous studies of 
sediments in impoundment reservoirs in Illinois and elsewhere in the Midwest which have 
shown that these deposits consist mostly of silt and clay (Singh and Durgunoglu, 1988).   
Although trapping of fines by the impoundment dam at Lake Vermilion could limit fines at the 
Ellsworth Park and Vermilion River dams, the reference site upstream of Lake Vermilion 
contains only 1% silt and clay, which indicates that the system overall is devoid of abundant 
fines.   Thus, some trapping of fines by the run-of-river dams may occur, but it appears to be 
minor.   
Three of the four dams also exhibit a decrease in sand percentage  from upstream to 
downstream and all four show an increase in the percentage of gravel from upstream to 
downstream.  Although not all of these differences are statistically significant, overall the 
changes in silt/clay, sand, and gravel percentages suggest a general coarsening of sediment 
characteristics below the dams, either from trapping of fines upstream and/or flushing of fines 
downstream.  For all four sites here, silt/clay proportions are higher upstream of the dams, while 
the gravel proportions are highest downstream, which is a finding consistent with results 
elsewhere (Bushaw-Newton et al., 2002; Ashley et al., 2006; Orr and Koenig, 2006; Velinsky et 
al., 2006). 
Despite possible minor trapping of fines, overall quantities of sediment behind these 
dams do not appear to be large because no major trends in channel depth or variations in the 
longitudinal profile that would define a pronounced wedge of sediment behind the dams is 
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evident at any of the sites.  This situation holds even for the Effingham and Krape Park Dams 
where material behind the dam consists of a large percentage of silt and clay. At the Ellsworth 
Park Dam, where bed elevations near the dam are approximately 1 m higher toward the left bank 
as opposed to the right bank, accumulation of sediment appears to reflect the influence of the 
highway bridge immediately upstream, which directs flow away from the left side of the channel 
behind the dam. Whereas the sediment samples from upstream of both the Effingham and Krape 
Park Dams indicate that these dams are trapping the silt/clay fraction, at least to some extent, 
137Cs analysis of the cores from behind the dams suggest that this material has not been 
accumulating over long periods of time.  The lack of a distinct peak of 137Cs indicates that the 
accumulated material does not include sediment from 1964 or shortly thereafter when 
environmental 137Cs concentrations were at their maximum. These results further suggest that 
sediment storage is temporary and stored material passes over the dam during high flows.  In the 
few previous studies available on the effects caused by run-of-river dams, quantities of sediment 
storage range from negligible with primarily coarse material to infilling of the backwater area, 
minimizing water retention capacity (Bushaw-Newton et al., 2002; Lindloff, 2003; Wildman and 
MacBroom, 2005; Ashley et al., 2006; Orr et al., 2006; Velinsky et al., 2006; Roberts et al., 
2007).  Overall, the general lack of an accumulation of sediment is similar to results from a study 
in Ohio by Cheng and Granata (2007) in which no accumulation of sediment was found within 1 
km upstream of the St. John's Dam. 
The top of all four of these dams are lower than the channel banks, allowing them to 
become completely submerged at discharges exceeding bankfull. It is likely that sediment 
transport past a run-of-river dam is maximized during high flows, including those conditions in 
which structures are submerged (Csiki and Rhoads, 2010). Under typical low flow conditions, a 
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run-of-river dam will create a backwater area that incorporates a relatively uniform water surface 
elevation upstream to a distance determined by the channel gradient, in which bed shear stress is 
reduced. However, during high flows, the spatial extent of upstream backwater decreases as the 
slope of the water surface increases, which will translate high velocities and increased bed shear 
stress closer to the dam, allowing the mobilization and transport of previously stored bed 
material.  Once a dam becomes completely submerged, it ceases to create a well-defined flow 
discontinuity and the water surface will be regulated by the downstream environment. Under 
such conditions, trapping efficiency for suspended sediment will be minimal, most of which will 
pass freely over the dam.   
 At two sites, the Ellsworth Park Dam and the Vermilion River Dam, the longitudinal 
profiles indicate possible bed scour immediately upstream from the dams. These zones of scour 
may be related to the development of coherent turbulent structures behind the dams at high 
stages. Flow over an inundated forward-facing step serves as a reasonable analogy for flow over 
an inundated run-of-river dam (Abu-Mulaweh, 2002; Wilhelm et al., 2003; Csiki and Rhoads, 
2010).  Upstream of such a step, flow is characterized by the development of an open, turbulent 
roller within a zone of open separation (Csiki and Rhoads, 2010).   The development of such a 
roller behind an inundated run-of-river dam may be effective at scouring the channel bed.  In the 
case of the Vermilion River Dam, the location of this structure on a bend may also contribute to 
the deep scour found toward the left bank.  Above the turbulent roller, intense streamwise 
vortices can develop, resulting in flow streamlines moving upstream toward the surface and over 
the step (Pollard et al., 1996; Stuer et al., 1999; Marino and Luchini, 2009; Csiki and Rhoads, 
2010). The size of the zone of open separation, and thus the intensity of the roller and overlying 
streamwise vortices, depends on the degree of submergence of the step and the Reynolds number 
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of the flow (Pollard et al., 1996; Stuer et al., 1999). Conceivably, intense vortices upstream of a 
dam could entrain bed material and transport it in suspension past the structure. Investigations of 
hydraulic conditions directly upstream of a run-of-river dam at high or submerged flow 
conditions are virtually nonexistent and the need exists for further research to investigate the 
potential of these conditions to transport sediment over run-of-river structures.     
The differences in the responses of rivers to the presence of run-of-river dams 
documented in this study have important implications for dam removals, and should be 
considered in the management of such removals, particularly in the realm of sediment 
management. Of particular interest to agents responsible for managing dam removals is the 
predicted fate of any sediment that may be stored upstream of dams, particularly potential effects 
of sediment on downstream ecological conditions and water quality. Such issues are relevant to 
the Clean Water Act which regulates downstream sediment inputs resulting from dam removals 
(Bowman, 2002).  
Decreasing backwater effects and increasing turbulence behind the dam with increasing 
flow stage may entrain sediment and pass it over the dam crest when the structure is submerged. 
The potential existence of such processes, combined with the finding that little sediment has 
accumulated behind the dams examined in this study, suggests that sediment dynamics may 
undergo alternating periods of deposition during low discharge conditions, followed by 
entrainment and flushing at high discharges. The rate at which sedimentation and entrainment 
alternate will be largely dependent on the variability of the hydrologic regime on the river for 
which a dam is located, available sediment supply, the character of the bed material, upstream 
geology, and dam height. The hydraulic processes upstream of submerged dams have yet to be 
documented in detail, but diminished backwater and high levels of turbulence at high stages may 
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explain the lack of substantial sediment storage behind these dams over the many decades since 
they were constructed.  
Additional process-based field studies of in situ dams and dam removals and 
incorporation of data derived from such studies into  numerical models are needed to forecast 
fluvial responses to removals.  The development of such tools is important given recent interest 
of federal and state environmental regulatory agencies in using models to guide decision-making 
about dam removal and river restoration programs. To fully capture the effects of dam removal 
on sediment transport regime, it is important that sediment monitoring schemes incorporate 
measurements of suspended load and bedload before and after removal. Regional variability of  
watershed and river channel characteristics should also be factored into such analyses. Recent 
work has shown that the effects of impoundment dams on fluvial systems exhibit considerable 
geographic variability (Graf et al., 2010) and most likely this lesson also applies to run-of-river 
dams. The combined effects of local river characteristics, watershed setting, and regional 
environmental context, along with dam structure and location, will create variation in the extent 
to which run-of-river dams represent fluvial discontinuities, which, in turn, may necessitate site-
specific strategies for dam removal. 
 
4.6 Concluding remarks 
 The effects of run-of-river dams on river morphology and sediment character in the 
vicinity of such structures have been examined at four representative sites in the low-relief 
environment of Illinois, a state with many such dams. Past work on impoundment dams has 
suggested that dams on rivers act as sediment traps, leading to accumulation of sediment 
upstream of these structures and erosion of the river channel downstream of dams.  In contrast, 
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minimal sediment storage is occurring upstream of the four run-of-river dams examined in this 
study.  Longitudinal profiles and trends in channel depth indicate that no pronounced wedge of 
sediment has accumulated upstream of these structures. Some trapping of fines is evident, but 
this effect is not substantial enough to produce a distinct morphological signature. The lack of 
prolonged sediment accumulation is further supported by the absence of an identifiable peak in 
137Cs concentrations within cores collected upstream of the two dams with the largest 
percentages of fines in the bed material. Results from this research also indicate that channel 
degradation downstream of the run-of-river dams is not extensive. Overall, longitudinal profiles 
do not exhibit abrupt discontinuities from upstream to downstream of the dams.  At two sites,  
bed elevation does decrease rather markedly downstream of the dams. At one site, this decrease 
is located many channel widths from the dam and occurs at a location where it is impossible to 
separate the effects of channel straightening and bank modifications from those associated with 
the dam. Only at the second dam is it possible to attribute the decrease in channel depth to the 
direct effects of flow passing over the dam, and this decrease in channel depth is limited to the 
cross-section directly downstream of the dam. At two of the sites, minor bank erosion 
downstream has produced mid-channel and side bars, which, as they grow, deflect flow into 
adjacent banks, leading to more bank erosion and ultimately, local channel widening. Overall, 
the lack of substantial downstream channel degradation is consistent with the conclusion that 
these run-of-river structures are not acting as major sediment traps.  
The exact reason why these dams are not acting as sediment traps cannot be addressed 
conclusively from the data collected for this study. Although suspended load can readily be 
transported over the crest of these dams at all flow stages, the manner by which bedload is 
conveyed past the dams is less clear. Csiki and Rhoads (2010) speculated that turbulence behind 
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the dam at high stages, when the dam is submerged, may be effective at moving coarse material 
over the dam crest.  Process-based field studies that involve measurement of fluxes of water and 
sediment immediately upstream and at the crests of run-of-river dams during high stages are 
needed to evaluate possible interactions among turbulent flow structure, bedload transport, and 
sediment suspension behind such dams.  Evidence of scour upstream of two of the dams suggests 
that turbulence may be effective at mobilizing bed material during high flows.    
From a practical perspective, one of the key concerns in dam removal is the possible 
downstream flushing of large amounts of accumulated sediment.  To alleviate this concern, dam 
removal projects often require certifications to address potential impacts of sediment on water 
quality, downstream habitat,  threatened and endangered species, and dispersal of contaminants.  
The results of this study suggest that, in contrast to impoundment dams, run-of-river dams do not 
always accumulate large amounts of sediment upstream.  Thus, flushing of sediment, while still a 
valid concern, is not necessarily a problem unless assessments show that sediment has indeed 
accumulated upstream.  A recent permit application under Section 404 of the Clean Water Act 
for the removal of Hoffman Dam, a low-head dam on the Des Plaines River in Illinois, 
concluded that the majority of the river bed consists of sand and gravel and that no significant 
fine-grained sediment occurs on the bed of the river upstream of the dam (Illinois Environmental 
Protection Agency, 2011) - a finding consistent with the results of this study.  
          Although none of the dams in this study induced major upstream sedimentation and 
downstream erosion, the impact of these structures on channel morphology and sediment 
characteristics varied.  This variability likely reflects differences in environmental setting, 
watershed characteristics, local site conditions, and the histories of the dams and of human 
impacts on the river channels.  Variation of river responses to run-of-river dams indicates that 
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generalizing the effects of these dams on channel morphology and sediment accumulation is 
difficult and that dam removal projects should be based on site-specific evaluations. 
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Table 4.1.Statistical test results for width and depth comparisons from cross-section groups at   
each of four sites, based on output from the Mann-Whitney U-Tests. Comparisons that are 
significant at z = 0.05 are italicized. 
 North Fork 
Vermilion River 
(Ellsworth Park 
Dam) 
Vermilion River Little Wabash 
River 
(Effingham 
Dam) 
Yellow Creek 
(Krape Park) 
Total cross-
sections 
    
N (Reference) 3 3 3 3 
N (Upstream) 13 24 29 39 
N 
(Downstream) 
7 7 12 12 
Width     
Median 
(Reference) 
31.5 44.8 34.7 25.9 
Median 
(Upstream) 
38.8 55.1 30.6 25.2 
Median 
(Downstream) 
43.4 111 34.7 23.0 
Range 
(Reference) 
29.8 - 34.0 43.8 - 46.3 27.9 - 36.5 24.9 - 27.1 
Range 
(Upstream) 
32.0 - 45.4 36.5 - 69.6 24.4 - 34.2 18.1 - 34.0 
Range 
(Downstream) 
37.6 - 49.8 70.3 - 122 22.3 - 44.6 18.8 - 42.6 
Z-test 
(Upstream 
versus 
Reference) 
0.02 0.10 0.27 0.90 
Z-test 
(Upstream 
versus 
Downstream) 
0.02 0.00 0.03 0.17 
Depth     
Median 
(Reference) 
2.05 0.96 1.89 2.42 
Median 
(Upstream) 
3.46 4.87 2.97 2.60 
Median 
(Downstream) 
3.36 5.79 4.08 2.73 
Range 
(Reference) 
1.74 - 2.20 0.95 - 1.02 1.15 - 1.93 2.26 - 3.36 
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Table 4.1 (cont.)  
 North Fork 
Vermilion River 
(Ellsworth Park 
Dam) 
Vermilion River Little Wabash 
River 
(Effingham 
Dam) 
Yellow Creek 
(Krape Park) 
Range 
(Upstream) 
0.67 - 4.51 3.73 - 7.47 2.20 - 4.12 2.01 - 3.14 
Depth     
Range 
(Downstream) 
0.65 - 3.89 5.48 - 6.38 2.81 - 4.60 1.47 - 3.01 
Z-test 
(Upstream 
versus 
Reference) 
0.08 0.01 0.01 0.77 
Z-test 
(Upstream 
versus 
Downstream) 
0.72 0.27 0.00 0.46 
 
Table 4.2.Statistical test results for gravel, sand and silt-clay particle size fractions from sediment 
samples collected at each of four sites, based on output from the Mann-Whitney U-Tests. 
Comparisons that are significant at z = 0.05 are italicized and starred. 
 North Fork 
Vermilion River 
(Ellsworth Park 
Dam) 
Vermilion River Little Wabash 
River 
(Effingham 
Dam) 
Yellow Creek 
(Krape Park) 
Total samples     
N (Reference) 5 5 7 7 
N (Upstream) 21 16 16 16 
N 
(Downstream) 
8 19 15 13 
Gravel     
Median 
(Reference) 
17.5 75.03 16.89 66.50 
Median 
(Upstream) 
64.3 40.46 9.08 31.63 
Median 
(Downstream) 
79.2 71.50 28.67 100 
Z-test 
(Upstream 
versus 
Reference) 
0.00* 0.02* 0.11 0.06 
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Table 4.2 (cont.)  
 North Fork 
Vermilion River 
(Ellsworth Park 
Dam) 
Vermilion River Little Wabash 
River 
(Effingham 
Dam) 
Yellow Creek 
(Krape Park) 
Z-test 
(Upstream 
versus 
Downstream) 
 
0.11 0.00* 0.02* 0.00* 
Sand     
Median 
(Reference) 
81.6 21.88 77.61 32.58 
Median 
(Upstream) 
35.5 58.37 49.65 13.07 
Median 
(Downstream) 
20.5 27.23 71.22 0.00 
Z-test 
(Upstream 
versus 
Reference) 
0.00* 0.02* 0.08 0.19 
Z-test 
(Upstream 
versus 
Downstream) 
0.11 0.00* 0.04* 0.08 
Silt/Clay     
Median 
(Reference) 
1.08 0.27 1.23 3.45 
Median 
(Upstream) 
0.37 1.39 36.22 33.85 
Median 
(Downstream) 
0.15 0.22 0.32 0.00 
Z-test 
(Upstream 
versus 
Reference) 
0.07 0.23 0.00* 0.02* 
Z-test 
(Upstream 
versus 
Downstream) 
0.01* 0.00* 0.00* 0.00* 
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Table 4.3.Summary of sediment characteristics from samples collected on North Fork Vermilion 
River upstream of the Aqua Illinois dam. 
 Gravel (%) Sand (%) Silt/clay (%) 
Sample #1 56.5 40.5 3.0 
Sample #2 97.7 2.2 0.2 
Sample #3 98.4 1.6 0.0 
Sample #4 13.9 85.6 0.5 
 
Table 4.4.Summary of sediment characteristics from samples collected on North Fork Vermilion 
River within Lake Vermilion and directly above upstream extent of Lake Vermilion. 
 Gravel (%) Sand (%) Silt/clay (%) 
Within Lake Vermilion 
Sample #1 0.0 2.0 98.0 
Sample #2 0.0 1.0 99.0 
Sample #3 0.0 2.0 98.0 
Sample #4 0.0 2.0 98.0 
Sample #5 0.0 2.0 98.0 
Sample #6 0.0 0.0 100.0 
Directly above upstream extent of Lake Vermilion 
Sample #1 24.1 74.1 1.8 
Sample #2 42.2 56.5 1.4 
Sample #3 39.9 58.2 1.9 
Sample #4 12.2 79.6 8.2 
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Figure 4.1. Visual depiction of method used to derive bed elevation data for each surveyed cross-
section. 
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Figure 4.2.Channel cross-sections at the Ellsworth Park Dam site on the North Fork Vermilion 
River. Cross-sections in black are closest to the dam on upstream; red represent cross-sections 
farther upstream; blue represent cross-sections downstream of the dam. Distances of each cross-
section away from the dam are shown in the legend ("-" represents distance downstream). "*" 
symbol in the legend indicates the cross-section is situated on a bend. View in the figure is 
looking downstream. 
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Figure 4.3. Longitudinal profile on North Fork Vermilion River (Ellsworth Park Dam), 
progressing downstream to upstream from left to right, with major features within study area 
labeled. 
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Figure 4.4.Summary of data for channel width and depth at cross-sections, and particle size 
composition values for bed samples collected upstream of each dam within the study set; (a) 
North Fork Vermilion River (Ellsworth Park); (b) Vermilion River; (c) Little Wabash River 
(Effingham); (d) Yellow Creek (Krape Park). For each, the left column contains channel width 
and depth comparisons while the right column contains particle size comparisons. Regression 
lines equations and R2 values for each parameter are provided. Equations and R2 values in bold 
and starred represent statistically significant correlations between parameter and distance from 
the dam from the significance on r using Pearson's test at the 0.05 level. 
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Figure 4.5.Summary of data for channel width and depth at cross-sections, and particle size 
composition values for bed samples collected downstream of each dam within the study set; (a) 
North Fork Vermilion River (Ellsworth Park); (b) Vermilion River; (c) Little Wabash River 
(Effingham); (d) Yellow Creek (Krape Park). For each, the left column contains channel width 
and depth comparisons while the right column contains particle size comparisons. Regression 
lines equations and R2 values for each parameter are provided. Equations and R2 values in bold 
and starred represent statistically significant correlations between parameter and distance from 
the dam from the significance on r using Pearson's test at the 0.05 level. For the particle sizes at 
Effingham (c), exponential function equations and best fit lines are also provided. 
 
Figure 4.6.Plot of sediment characteristics within Lake Vermilion upstream of Ellsworth Park 
Dam, with sample distance relative to the Lake 
addition to the individual silt and clay fractions are plotted.
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Vermilion Dam. The total silt/clay proportion in 
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Figure 4.7.Channel cross-sections
closest to the dam upstream; red represent cross
sections downstream of the dam. Distances of each cross
in the legend ("-" represents distance downstream). View in the figure is looking downstream.
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Figure 4.8.Longitudinal profile on Vermilion River, progressing downstream to upstream from 
left to right, with major features within study area labeled. 
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Figure 4.9.Channel cross-sections at the Effingham Dam site on the Little Wabash River. Cross-
sections in black are closest to the dam upstream; red represent cross-sections farther upstream; 
blue represent cross-sections downstream of the dam. Distances of each cross-section away from 
the dam are shown in the legend ("-" represents distance downstream). View in the figure is 
looking downstream. 
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Figure 4.10.Longitudinal profile on Little Wabash River, progressing downstream to upstream 
from left to right, with major features within study area labeled. 
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Figure 4.11.Channel cross-sections at the Krape Park Dam site on Yellow Creek. Cross-sections 
in black are closest to the dam upstream; red represent cross-sections farther upstream; blue 
represent cross-sections downstream of the dam. Distances of each cross-section away from the 
dam are shown in the legend ("-" represents distance downstream). View in the figure is looking 
downstream. 
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Figure 4.12.Longitudinal profile on Little Wabash River, progressing downstream to upstream 
from left to right, with major features within study area labeled. 
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CHAPTER 5 
 
 
HEC-RAS ANALYSIS 
 
 
 
5.1 Introduction and purpose 
 Run-of-river dams, which extend across the width of a river channel and are contained 
within the channel banks, constitute barriers to flow. Although the hydraulic effects of run-of-
river dams are known in a general sense (Csiki and Rhoads, 2010), few scientific studies have 
examined these effects comprehensively through field investigations, physical experiments, or 
hydraulic modeling. An understanding of the effects of run-of-river dams on flow hydraulics is 
important when seeking to comprehend the impacts of these dams on river geomorphology, 
given that channel form is a product of flow conditions in a river channel. The primary purposes 
of the work presented in this chapter are to: 1) evaluate using a one-dimensional hydraulic model 
the influence of run-of-river dams on hydraulic conditions upstream and downstream of these 
types of dams at different flow stages and 2) use the hydraulic model to evaluate the change in 
hydraulic conditions produced by removal of the dams.    
 The general effects of run-of-river dams on flow hydraulics have been reviewed by Csiki 
and Rhoads (2010) (see also Chapter 2 in this dissertation). The primary hydraulic effect 
upstream of a run-of-river dam is to impede flow. The water surface profile upstream of a dam 
typically has the shape of an M1 backwater curve (Chow, 1959), where the upstream spatial 
extent of the backwater effect is dependent on the dam height and natural channel slope. Flow 
passing over the dam is a classic example of rapidly varied flow, and either free falls into the 
water downstream or cascades down the dam face as a thin, high-velocity sheet of water. Flow 
also typically changes from a subcritical condition to a supercritical condition at the dam crest, 
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followed by a return to subcritical conditions downstream of the dam (Frenette and Munteanu, 
2005; Gonzalez and Chanson, 2007; Tokyay and Yildiz, 2007). Csiki and Rhoads (2010) define 
several hydraulic states that can exist downstream of a run-of-river dam, depending upon the 
degree of submergence of the dam structure. These states include a "swept out" hydraulic jump, 
optimal jump, submerged jump and standing waves (see Figure 2.4 in Chapter 2). Submergence 
of run-of-river dams is also possible when flow overtops the channel banks and concomitantly, 
the dam abutments, and it is during complete dam submergence when standing waves can appear 
at the surface as flow becomes wholly directed downstream (Leutheusser and Fan, 2001). The 
classic hydraulic roller is characteristically found within the submerged jump condition. 
Submergence also will also decrease the spatial distance upstream over which pooled backwater 
extends away from the dam.   
 Scientists and  river managers are beginning to understand the merits of utilizing 
hydraulic models to examine changes in flooding and sediment mobility in support of river 
research and assessment, including floodplain inundation mapping and habitat assessments. 
Hydraulic models can also be used to examine how run-of-river dams impact the spatial extent of 
backwater upstream, the shape and form of the hydraulic states that can occur just downstream of 
these dams, and the degree of submergence of a dam under varying flow discharges. Although 
extant hydraulic studies of run-of-river dams have not confronted this specific problem, 
hydraulic models are increasingly being used to examine the effects of dams on rivers and to 
connect scientific research with dam-management assessments. One area of scientific research of 
considerable interest to applied managers is the combination of the output of hydraulic models 
with two- and three-dimensional floodplain mapping in the ArcView framework (Tate, 1999).  
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 HEC-RAS (Hydraulic Engineering Center River Analysis System) developed by the 
United States Army Corps of Engineers is a one-dimensional hydraulic model that is regularly 
used by the scientific and applied communities to study and evaluate river projects such as 
floodplain inundation, dam break analysis, and dam removals (Crampton, 2007). While HEC-
RAS has been primarily employed by applied federal, state and county agencies to study the 
effects of river channel modifications on hydraulics and to determine the extent of floodplain 
inundation (i.e., Crampton, 2007), the number of scientific studies utilizing HEC-RAS has also 
grown. The increased availability of two-dimensional hydraulic models in the scientific 
community has generated interest in comparing predictions from the one-dimensional HEC-RAS 
model with those from two-dimensional models, such as FESWMS or TELEMAC-2D (Horritt 
and Bates, 2002; Cook, 2008). Interest in such comparisons has been driven by the increased 
access to, and accuracy of, detailed topographic data (i.e., LiDAR). Integration of the results of 
model predictions with graphical visualization software, such as HEC-GeoRAS is another area 
of interest, given the considerable appeal in graphically communicating the extent of flood 
inundation precisely and accurately to the public.   
 The application of HEC-RAS yields information on water surface elevations, velocities, 
energy gradients, stream power and bed shear stress at cross-sections along a river. As HEC-
RAS readily accommodates changes in channel geometry, it becomes possible to perform 
evaluations of water surface profiles for numerous alternative scenarios. Hydraulic conditions 
can be evaluated both with and without a dam in place within a reach of interest. HEC-RAS has 
the capacity to model transitions between subcritical and supercritical flow automatically – an 
important capability for modeling the hydraulics of flow at dams. Thus, in the context of dam 
removal, HEC-RAS can be a powerful tool to assess the potential effects of removal on hydraulic 
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conditions and sediment entrainment (Roberts and others 2007; Mueller 2008; Wyrick et al., 
2008).  
  This chapter presents results of the water surface elevations, water surface profiles 
shapes, degree of dam submergence and upstream spatial extent of backwater that result for a 
variety of discharge values using both methods of dam representation. Secondly, this chapter 
presents a comparison of the water surface profiles and differences in water surface elevations at 
varying stages with and without dams in place to approximate how the water surface elevations 
would change if any of these dams were to be removed in the future.  
 
5.2 HEC-RAS Description 
 The U.S. Army Corps of Engineers River Analysis System (HEC-RAS) is used to model 
the flow profiles at select discharges for river reaches at each of the four run-of-river dam sites in 
this project. HEC-RAS is a software package for predicting one-dimensional open channel 
hydraulics either in a single river reach or in a network of river channels. It incorporates multiple 
graphical interfaces and tables that guide users in program setup, which is particularly useful as 
the primary intended group of users are applied river managers (Ahmad and Simonovic, 2001; 
Maingi and Marsh, 2002; Fleenor and Jensen, 2003). HEC-RAS is one of the most widely used 
models for the calculation of water surface profiles for a variety of river management purposes, 
(Kasper et al., 2005), including flood inundation mapping (i.e., Lewelling, 2004; Flynn, 2010). 
 Four river analysis elements are available in HEC-RAS, including steady flow water 
surface calculations, unsteady flow calculations, movable boundary sediment transport analysis, 
and water quality analysis (U.S. Army Corps of Engineers, 2010a, 2010b). All four of these 
analysis options can be used with the same set of channel geometry information, which includes 
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surveyed cross-sections, channel lengths, field determined Manning’s n values, and contraction 
and expansion coefficients (Kasper et al., 2005; U.S. Army Corps of Engineers, 2010a, 2010b). 
The steady flow computation option of HEC-RAS is utilized for this dissertation, as the purpose 
is determination of water surface elevations in backwater profiles upstream of dams, which 
function akin to weirs, at specific discharge values. Such analysis assumes a steady water surface 
profile (discharge) through the reach of interest near each dam at a moment in time. A 
fundamental assumption of steady flow is continuity, which maintains that the amount of fluid, 
the discharge, does not vary along the channel (Brater et al., 1996; Kasper et al., 2005).  
 For the steady flow option, the software is designed to calculate water-surface profiles 
based upon steady gradually varied flow, including subcritical, supercritical and mixed (both 
subcritical and supercritical) flow regimes. Water surface profiles are calculated from one cross-
section to the next by iteratively solving the one-dimensional energy equation (Lewelling, 2004; 
Kasper et al., 2005; U.S. Army Corps of Engineers, 2010b): 
gh
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                                                    (5.1) 
where 
Z1, Z2 = elevation of main channel inverts 
Y1, Y2 = channel depth at cross-sections 
V1, V2 = average velocities 
a1, a2 = velocity weighting coefficients 
g = acceleration by gravity 
hg = energy head loss 
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In one-dimensional steady flow analysis, (hg) is the consequence of friction caused by channel 
boundary roughness and flow contraction and expansion associated with changes in the channel 
shape: 
g
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where 
L = distance weighted reach length 
Sf = representative friction slope between two cross-sections 
C = expansion (typically 0.3) or contraction (typically 0.1) loss coefficient 
The distance weighted reach length is calculated using the following equation: 
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=                                                               (5.3) 
where 
Llob, Lch, Lrob = cross-section reach lengths specified for flow in the left overbank, main channel, 
and right overbank areas, respectively, and  
robchlob QQQ ++  = arithmetic average of flows between cross-sections for the left overbank, main 
channel, and right overbank areas. 
 At each cross-section in a HEC-RAS model, the water surface elevations and energy 
grade lines are determined by iteratively solving Equations 5.1 and 5.2, in what is often referred 
to as the standard step, or step-backwater, method (Lewelling, 2004; Kasper et al., 2005; 
MacWilliams et al., 2010; U.S. Army Corps of Engineers, 2010b). For subcritical flow, HEC-
RAS iteratively calculates a water surface elevation beginning at the most downstream cross-
section in a reach. For supercritical flow, computation  begins at the most upstream cross-
section. The user is required to specify a starting boundary condition at the beginning cross-
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section, with four options available: (1) known water surface elevation; (2) critical depth; (3) 
normal depth; or (4) a rating curve. Based on the input boundary condition, HEC-RAS starts 
model calculations with an assumed water surface elevation which it uses to calculate the 
conveyance and velocity head so that Sf  may be determined for the solution to Equation 5.2. 
This information is then used to solve for the modeled water surface elevation in Equation 5.1. 
This procedure iterates until the predicted and modeled water surface elevations agree to within 
0.003 m, although the criteria by which the starting assumed water surface elevation is 
determined changes as the trials proceed. In the first trial, the water surface elevation from the 
previous cross-section is used. In the second trial, the originally assumed water surface elevation 
is added to 70% of the error from the first trial to derive the elevation. Subsequent trials utilize a 
combination of the water surface elevations and the errors from the previous two trials. HEC-
RAS tracks the differences between the assumed and predicted water surface elevations to find 
the solution with the minimum difference. If the model is not able to determine a solution where 
the differences are within the default or user-modified tolerances, the solution will typically 
default to the critical depth value determined for the cross-section. Once HEC-RAS determines 
the final solution at a particular cross-section, the value of water surface elevation is used as the 
basis for initial computations at the next cross-section along the reach, and an energy balance is 
calculated between this cross-section and the previous one (Lewelling, 2004). The process 
repeats until calculations are complete for all the cross-sections in a reach.  
At locations where flow becomes rapidly varied, such as at hydraulic jumps that occur at 
dams in which transitions between subcritical and supercritical flow occur over a short spatial 
distance, the energy equation is inapplicable and the momentum equation is employed (U.S. 
Army Corps of Engineers, 2010a, 2010b). The equation used in HEC-RAS is: 
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where 
Q1,Q2 = Discharge 
β1,β2 = Momentum coefficient 
A1, A2 = wetted area of cross-section at locations 1, 2 
S0 = channel slope, derived from mean bed elevations 
Y 1, Y 2 = depth from water surface to centroid of cross-sectional area at cross-sections 1 and 2 
 
Hydraulic jumps can be modeled in HEC-RAS by specifying the mixed flow regime 
computational option. When the system is set to the mixed flow regime, HEC-RAS will first 
compute a subcritical water surface profile from the downstream boundary condition (U.S. Army 
Corps of Engineers, 1994). HEC-RAS will identify all cross-sections in which the result defaults 
to critical depth for additional examination. Then, beginning at the upstream boundary condition, 
HEC-RAS proceeds in the downstream direction until it locates a previously identified cross-
section that defaulted to critical depth, which is then used as the starting boundary condition to 
initiate a supercritical flow analysis. A supercritical profile is computed in the downstream 
direction until arriving at a cross-section that can have both a subcritical and supercritical 
solution, and the momentum is evaluated at both subcritical and supercritical water surface 
elevations. The answer accepted is that which provides the greatest momentum. In a case where 
the supercritical water surface elevation corresponds to the greatest momentum, the supercritical 
calculations continue in the downstream direction and the process described herein repeats. Upon 
arriving at a cross-section in which the subcritical water surface elevation corresponds to the 
greatest momentum, HEC-RAS assumes that a hydraulic jump occurs between that cross-section 
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and the previous cross-section (U.S. Army Corps of Engineers, 1994, 1996). The exact location 
of the hydraulic jump, and the associated energy losses, are not calculated (U.S. Army Corps of 
Engineers, 1996). HEC-RAS proceeds to the next cross-section in which the original solution 
defaulted to critical depth, and the iterative process continues until the downstream model 
boundary is reached. 
 Important outputs of a HEC-RAS analysis are flow parameters at cross-sections for the 
reach modeled, including velocity, water surface elevation, energy grade slope, conveyance, and 
stream power, among others. Information on flow hydraulics is critical in many engineering 
applications, such as the prediction of bed scour around bridge support piers (Larsen et al, 2011). 
Scour around bridge piers, or any entrainment of bed material, results when the shear stress 
exerted on the bed by the force of flow (termed boundary shear stress) exceeds the critical stress 
of the bed material. The problem of sediment entrainment near the dams is considered in relation 
to the HEC-RAS results in Chapter 6 of this dissertation.  
 
5.3 Modeling of dams in HEC-RAS 
 HEC-RAS is an appropriate tool for modeling water surface elevations in channels where 
flow passes over dams. Bountry and others (2006) found that the modeled water surface 
elevations from HEC-RAS in the vicinity of a dam not only agreed with field measured water 
surface elevations, but also with the predicted elevations from other models, including MIKE-12 
and GSTAR. The use of more sophisticated two-dimensional models is only necessary in 
situations where comprehensive detail of flow and velocity patterns is desired. HEC-RAS is also 
being used to assess water surface elevation changes resulting from dam removals (Roberts et al., 
2007).  In a related study, Klenzendorf and others (2010) used HEC-RAS to evaluate flow 
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passage over different bridge rail types during floods to make recommendations on the most 
appropriate rails to install to minimize flood water elevations. 
 There are two methods available by which dams may be modeled using HEC-RAS. The 
first, in which the dam is likened to a weir, is performed automatically in HEC-RAS as long as 
certain structural parameters are input to the software and a weir coefficient is specified. The 
second method involves representing the dam through a series of closely spaced cross-sections 
that define in detail the morphology of the dam (U.S. Army Corps of Engineers, 2010b). Cross-
sections can be used to represent a dam when it becomes necessary to calculate in detail the 
water surface profile through the drop of interest.  
 
5.4 Objectives of HEC-RAS analysis 
 The objectives of the HEC-RAS modeling are to (1) analyze changes in hydraulic 
conditions, including water-surface profiles at varying flow stages as discharge varies near each 
dam  (2) evaluate the effect of dam removal on hydraulic conditions and water-surface profiles, 
and (3) generate data on bed shear stress values for use in sediment mobility analysis (see 
Chapter 6)  The modeling presented in this chapter also assesses the sensitivity of predicted 
hydraulic conditions  to the choice of method used to represent dams. Such an evaluation is 
important considering the growing appeal of HEC-RAS for analyzing the effects of dams and 
dam removal on river systems.  
  
5.5 Model Setup and Assumptions 
 The procedure by which the HEC-RAS model is set up to analyze the river reach in the 
vicinity of each dam is identical. Reaches at each dam extend from the most upstream cross-
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section (not including the reference cross-sections), to the most downstream cross-section. 
Survey data for each cross-section on a reach are entered into HEC-RAS, where all cross-section 
stationing corresponds to the distance value across the channel proceeding from the left zero 
endpoint. Bed elevation values are referenced to mean sea level in meters. To ensure the highest 
possible model accuracy, Manning’s roughness coefficients are placed into the data tables for 
each cross-section based upon n values that most closely match the field condition descriptions 
as listed in Table 5.1. HEC-RAS can interpolate additional cross-sections between actual 
transects with field data. This capability generally was not employed in the models here as 
evenly spaced cross-sections are available throughout the study reaches at all four sites. An 
exception to this guideline was allowed between the surveyed cross-section directly upstream of 
the dam and the surveyed cross-section directly downstream of the dam, which includes the dam  
itself. Here, the interpolation functionality of HEC-RAS was used to insert additional cross-
sections starting 1 m on either side of the dam and continuing upstream and downstream at 
intervals corresponding to two times the spacing between the previous cross-sections until the 
length between an interpolated cross-section and an actual field cross-section is not sufficient for 
the placement of further cross-sections. For example, a cross-section is interpolated and placed 
into the reach at a location 1 m upstream of a dam. The spacing from this first interpolated cross-
section to the next interpolated cross-section is 2 m, followed by a third interpolated cross-
section placed 4 m upstream of the second cross-section. This process continues until the spacing 
to the next interpolated cross-section is greater than the distance to the actual field cross-section. 
Interpolation of cross-sections is necessary near the dams as HEC-RAS requires sufficient 
morphological information to correctly model the transitional flow over the dam. Without 
interpolation, the cross-section spacing between the dam and the adjacent field cross-sections, 
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particularly downstream, is too great, causing HEC-RAS to output a profile that shows a sloped 
line from the dam to the first downstream point, which is not a realistic representation of actual 
flow over the dam. 
 In cases where the HEC-RAS inline weir function is used, the  base of the dam was set to 
the elevation of the channel bed. A weir coefficient is also input into the model as required by 
the standard weir equation. The value employed in this study is 1.43 (metric), the weir 
coefficient for broad crested weirs (Brater et al., 1996; U.S. Army Corps of Engineers, 2010b), 
which most closely approximate the shape of the four study dams.    
          Where the dam is represented by a set of cross-sections, a total of five cross-sections were 
used: one at the dam crest, one near the top of the dam face just below the edge of the dam crest, 
one in the middle of the dam face, one near the bottom of the dam face, and one at the bottom of 
the structure. For maximal accuracy, detailed plans of the dams are required. Visser (2005) offers 
a diagram of the Vermilion River Dam, which includes the structure’s dimensions. For the other 
three dams, the structure heights are known at the upstream face, though more detailed 
information is fragmentary or nonexistent. Actual field survey of the cross-sections on the dam 
face poses considerable danger given the continual flow of water over these structures. Thus, for 
the purposes of modeling these structures, some assumptions are made about each dam given 
that the upstream face heights and crest elevations at each dam are known. The shape of each 
dam is assumed to approximate that of the Vermilion River Dam (Visser, 2005). The width of 
the base of each dam is determined relative to the dam height, using the ratio of base width to 
structure height for the Vermilion River Dam. Cross-sectional elevations for particular 
longitudinal distances along the dam (e.g. dam crest, middle of dam, etc,) were determined using 
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data on the shape of the Vermilion River Dam (Visser, 2005). This information was used to 
generate cross-section geometry files in HEC-RAS to represent each dam.  
For the runs of the model with the dam removed, cross-sections representing the  dam 
face were not used.  However, the interpolated cross-sections of the bed between the dam and the 
beginning of field survey cross-sections on either side of the dam are included within the 
geometry files as these are realistic interpretations of the bed morphology if the dam was 
removed. The distance between surveyed cross-sections closest to the dam upstream and 
downstream is sufficiently large that removal of the interpolated cross-sections might result in 
unrealistically steep channel gradients. Modeling of the dam removals assumes that the dam is 
removed with the river otherwise left to respond naturally, without any restoration activities to 
modify the channel bed.  
 Flow data for the HEC-RAS models were obtained from USGS stream gauges in close 
proximity to each dam. The North Fork Vermilion River watershed area is 17 percent greater at 
the Ellsworth Park Dam than the watershed area at the USGS gauge located 13 km upstream of 
the dam. Consequently, discharge values from the gauge are adjusted upward 17 percent. For 
these three sites, the flow values are modeled as profiles at the following calculated flow 
exceedance probabilities: 1, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 95 percent. The 
maximum peak Q for each site, based on the gauge data, is also included.  
Flow data are estimated for the Krape Park Dam in Freeport, necessitated by the fact that 
the Yellow Creek watershed is ungauged. A combination of two methods is used. First, values of 
Q were estimated from an empirical flow duration model for streams in Illinois (Singh, 1971). In 
the model the average daily discharge  (Qavg) is computed as: 
Qavg = (Q100) * (A/100)α 
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where  Q100 is the average daily flow for a 100 mi2 drainage area; A is the calculated drainage 
area for the point of interest; and α is an exponent (α = 0.012 for the hydrologic division of the 
Krape Park Dam) .Based on Qavg , a daily flow (q) for a given percent time (p) is calculated using 
the equation: 
q = q’ * Qavg 
where q’ is a ratio of q to its average value. The equation for determination of q’ is: 
q’ = C * Aα 
where C is a coefficient value which varies inversely based upon the percent time in which a 
particular flow value may occur based upon a logarithmic curve that is specific to each 
hydrologic division in Illinois (Table 5.2). This percent time matches the exceedance probability 
for a specified flow value. The value q has units of cfs/mi2, which can then be transformed to a 
standard Q value in cfs and cms (cubic feet per second and cubic meters per second, 
respectively). The exceedance probabilities and discharge values can then be plotted against one 
another to produce a flow duration curve. The 95 and 80 percent flow exceedance probabilities 
were examined using the Singh (1971) method to provide results that are understood to be 
characteristic of normal low flows at the site. 
The second method for estimating values of Q at the Krape Park Dam draws upon the 
StreamStats tool development by the U.S Geological Survey (Soong et al., 2004; U.S. Geological 
Survey, 2010). StreamStats is a public web-based GIS application that provides published 
streamflow statistics for gauging stations, and assists in the provision of streamflow statistics for 
any location on ungauged streams more efficiently than in previous manual and semi-automated 
methods (Koltun et al., 2006). The components of StreamStats include a web-based map server, 
and the use of ArcGIS hydrology that incorporates data tools utilizing the ArcHydro toolbox. 
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Discharge (Q) values provided by the StreamStats tool are estimated by use of regression models 
which are derived through sets of equations developed for each of seven hydrologic regions 
within Illinois (Soong et al., 2004; Koltun et al., 2006). The regression equation models are 
based upon known discharge values from gauging stations at specific recurrence intervals 
through evaluation of at-site flood frequency relations based upon the annual maximum series.  
Variables that the flood frequency relations were regressed against, for each gauge, include the 
total drainage area, mean channel slope, average permeability of the watershed, basin length, 
calculated percentage of open water and herbaceous wetland in the watershed, plus a hydrologic 
coefficient dependent upon which of the seven hydrologic regions of the state a gauge is situated 
within (Soong et al., 2004). StreamStats yields values for the recurrence intervals of 2, 5, 10, 25, 
50, 100 and 500 year events, which were transformed into their corresponding exceedance 
probabilities that are incorporated into the HEC-RAS model for the Krape Park Dam. Recurrence 
intervals were transformed into exceedance probabilities through the relation: 
P = 1/R 
where P = the calculated exceedance probability, and R = the recurrence interval, such as the 2-, 
5-, or 10-year discharge. 
 
5.6 Results 
5.6.1 Water surface profiles using HEC-RAS inline structure function to represent dams 
 Generally, across all four dam sites, water surface elevation profiles upstream of the 
dams for the smallest discharges are horizontal or nearly horizontal from the dams to the 
upstream extents of the study reaches (Figures 5.1, 5.3, 5.5, 5.7). Pronounced discontinuities in 
flow profiles from upstream to downstream through the dams are notable at low to medium 
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discharges across all the sites. Downstream of the dams, at the lowest discharges, variations in 
the shape of water-surface profiles largely reflect details of the bottom profiles along the 
downstream reach. The water-surface profile gradient becomes more uniform over the entire 
reach as discharges increases.  
             Upstream of the dams for medium to high discharges, an inflection point in the water 
surface profile marks the upstream limit of the backwater effect above each dam (i.e. the 
upstream extent of the level water surface where water-surface elevations start to exceed those at 
the crest of the dam).  The distance of this upstream limit varies among the dam sites and 
generally becomes displaced toward the dam as discharges increases (Tables 5.3-5.6). Among 
dam sites, the height of the dam is an important factor governing differences in the upstream 
backwater effects. For example, at the Vermilion River Dam, the distance to inflection is farther 
away from the dam than at Ellsworth Park Dam for commensurate discharge profiles, reflecting 
the greater height of the former dam compared to the latter (Tables 5.3 & 5.4) Variation also 
exists among the four sites for the value of discharge percentage necessary to create a condition 
where the dams are submerged. Here, a dam is classified as submerged in cases where, for a 
specific discharge profile, Y0/Yt ≤ 1.15 (Y0 = channel depth directly upstream of dam; Yt = 
tailwater depth directly downstream of dam; Csiki and Rhoads, 2010).  The Ellsworth Park Dam 
becomes completely submerged at the top three discharge profiles, the top four discharge profiles 
at the Effingham Dam, and all except the lowest three discharges at Krape Park Dam, whereas at 
the Vermilion River Dam, this submergence is not present at all. Flow profiles drop vertically or 
near vertically directly downstream of the dams at low discharges. At high flows,  influence of 
the dam structures is still evident at most locations as an abrupt drop in water surface elevation, 
though at the Effingham Dam the HEC-RAS output depicts a condition where flow cascades 
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over the dam at the highest discharge.  This effect is probably caused by the wedge of sediment 
upstream of the dam combined with the pool downstream of the dam, which together produce a 
relatively steep bed gradient in the vicinity of the dam. Additionally, the confining effect caused 
by the steep railroad embankment and overall channelization through the reach in the vicinity of 
the dam is likely also a contributing factor to this phenomenon at the Effingham Dam. One 
exception to the overall trend in the shape of the profiles passing over the dams is seen at Krape 
Park Dam (Figures 5.7 and 5.8). Here, the model output shows the water surface elevation 
decreasing vertically at the dam from upstream to downstream, which likely results from the 
assignment of a dam crest width of zero for the inline structure for this site. A value of zero is 
assigned here given that the dam crest consists of a concrete cap that is sloped away from the top 
of the dam face, extending upstream to a distance of approximately 12 m. The inline structure 
function within HEC-RAS does not provide the utility to model a dam designed in such a 
manner. Consequently, to allow for comparisons of the utility of use of the inline structure 
function among all the dam sites, a value of zero is assigned. Thus, the Krape Park Dam does not 
have an approximately 1 m wide crest constituting the dam structure that is seen at the other 
three sites. Overall, the results at the dams are opposite the typical expectation of flow over a 
step, or dam, in channel flow, which is typically expected to have a cascade over the structure 
(which is seen at three dams), followed by a visible nappe and surficial expression of a hydraulic 
jump, which is often submerged under the water surface (not seen at any site). 
 
5.6.2 Water surface profiles utilizing set of cross-sections to represent the dam  
 Generally, the profiles generated by modeling the dams as a set of cross-sections are 
quite similar to those produced by modeling the dams using the inline structure function. The 
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main difference is the detail of water-profile shape at the dams. Representing the dams as a set of 
cross-sections results in a realistic profile shape commensurate with what might be expected to 
be seen at a run-of-river dam. The profiles exhibit a sharp drop in water surface over the dam to a 
local low point immediately downstream of the dam, followed by an abrupt rise in elevation 
downstream of this low point.  This profile depicts the transitions from supercritical flow over 
the dam to subcritical flow downstream of the dam. Such transitions are not captured in detail 
when the dams are represented using the HEC-RAS inline structure function.  
 Besides this difference in detail of water-surface profiles at the dams, the two simulations 
using different representations of the dams do result in minor differences in overall water surface 
profiles. These differences are most pronounced upstream of the dams.  As a result, the upstream 
extent of backwater effects, as indicated by location where water-surface elevation upstream of 
the dam first exceeds the water-surface elevation at the dam crest, differs slightly for the two 
simulations (Tables 5.3-5.6). Submergence of the dams occurs for the highest three discharges at 
the Ellsworth Park Dam, peak discharge at Vermilion River Dam, highest four discharges at 
Effingham Dam and all discharges save the lowest two for the Krape Park Dam.   
 
5.6.3 Comparison of water surface elevations for the two simulations 
 The water surface elevations at a cross-section for the inline structure approach are equal 
to or higher than the elevation using the cross-section approach (Figures 5.17 through 5.20). The 
difference in water-surface elevations between the two methods increases with discharge across 
all the sites, indicating that the inline structure method predicts a stronger backwater effect with 
increasing discharge relative to the cross-section method.  The largest differences are about 0.20 
to 0.25 meters near the dam and decline to near zero far upstream; however, at the Vermilion 
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River Dam, the difference between water surface elevations near the dam for the peak Q is about 
0.70 meters.   
 Comparisons of multiple methods of modeling flow using different options in  HEC-RAS 
are lacking. However, as HEC-RAS has evolved through multiple versions, the Army Corps of 
Engineers has compared water surface elevations between existing and new versions. In one such 
comparative exercise between HEC-RAS versions 3.0.1 and 3.1.1, the Army Corps of Engineers 
found that water surface elevations and floodway surcharges differed among the two versions, 
despite identical geometry and flow rates (Bellomo, 2004). The Federal Emergency Management 
Agency uses HEC-RAS in its floodway elevation determinations, and requires comparisons 
between an existing and a newer version. In cases where the water surface elevations between 
two cases are greater than 0.15 m (0.50 foot), additional evaluation is required. This value 
provides a threshold for identifying substantive differences between the inline structure and 
cross-sections methods of modeling the effects of run-of-river dams on water surface profiles. 
The results of the modeling here indicate that this threshold is generally exceeded immediately 
upstream of the dams, especially at the largest discharges. As distance from the dam increases, 
differences between water-surface elevations for the two methods diminish below the 0.15 m 
threshold.  In cases where high levels of accuracy are required, further evaluation of predicted 
profiles in relation to measured elevations is needed to verify which method produces the most 
accurate predictions of near-dam water surface elevations.  
 
5.6.4 Water surface profiles with dams removed 
  In general removal of the dams reduces or eliminates backwater effects, and produces 
large decreases in water surface elevations immediately upstream of the dam for low flows 
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(Figures 5.22, 5.24, 5.26, 5.28). The magnitudes of decreases in water surface elevations are 
proportional to the heights of the dams.  Thus, the greatest decreases occur at the Vermilion 
River Dam, the highest dam, and the smallest decreases occur at the Krape Park Dam, the lowest 
dam.  Decreases in water surface elevations between the two cases (dam in versus removed) 
become smaller with increasing discharge at specific cross-sections and with distance upstream 
from the dams (Figures 5.22, 5.24, 5.26, 5.28). At the peak discharges for each site, such 
decreases are close to zero, i.e. water surface elevations with and without the dams are nearly 
identical.  
 Removal of the dams does not completely eliminate backwater profiles in all cases.  At 
both Ellsworth Park (Vermilion River) and the Little Wabash River considerable backwater 
effects persist following removal of the dams due to local highs in bed elevation near the 
locations of the dams (Figures 5.21 & 5.25). At Ellsworth Park, the local high corresponds to the 
location of the U.S. Route 150 highway bridge. Changes in water-surface elevation upstream of 
the dam before and after dam removal show that water surface elevation near the dam decreases 
dramatically, but is less pronounced upstream of the highway bridge (Figure 5.22). A similar 
situation also exists at the Effingham Dam, where a local topographic high immediately 
upstream of the dam produces a backwater effect at low flow (Figure 5.25). The irregular profile 
at peak discharge in the vicinity of the removed dam for this site is similar to that which occurs 
with the dam in place (Figures 5.24 and 5.25), indicating that this irregularity is strongly affected 
by the overall profile of the channel bed in the vicinity of the dam, rather than by the dam itself.  
At Krape Park, the 95% and 80% discharge profiles remain relatively uniform with distance 
upstream of the former dam because the bed topography varies little over this portion of the 
channel (Figure 5.27).  As a result, the profiles for these flows following dam removal simply are 
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shifted uniformly downward after dam removal (Figure 5.28).  Spatial variation in differences of 
water surface elevations before and after dam removal at this site are only manifest for medium 
and high discharges (Figures 5.22, 5.24, 5.26, 5.28).  
 
5.7 Discussion 
 Overall, the HEC-RAS model output, using both methods of dam representation, shows 
the flow characteristics that are expected with run-of-river dams: a backwater pool with an 
elevation that is not below the dam crest at low discharge; flow that passes over the structure to 
downstream reaches; and increasing submergence of the structures at the highest discharges 
where the influence of the presence of the dam on water surface elevations diminishes or even 
disappears (i.e., the water surface elevation is dominated by the downstream environment) (Csiki 
and Rhoads, 2010). With the dams in place, the upstream spatial extent of the backwater pool is 
controlled by the height of the dam, the slope of the channel profile, and the degree of 
submergence of the dam. The channel profile is comparable among the sites, but dam heights 
differ. Thus, in this study, the upstream extent of the backwater pools at low flows is largely a 
function of dam height. With increasing discharge, the inflection point of profile concavity 
marking the upstream end of the backwater zone migrates toward the dam as proposed by Csiki 
and Rhoads (2010).  Downstream of the dams, the shape of the water surface profiles closely 
parallels that of the channel bed, with the exception of those situations in which a topographic 
rise on the bed is sufficient to create a local pool (i.e., downstream of the Effingham Dam). With 
increasing discharge, the magnitude of abrupt change in water surface elevation at the dam 
diminishes, particularly at the highest discharges. At three of the four sites, the abrupt changes in 
the profile at the highest discharges are minor or do not exist at the highest discharges, indicating 
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complete submergence. Only the Vermilion River Dam, the highest run-of-river structure 
investigated in this study, is not completely submerged at the highest modeled discharge.  
 Results from the HEC-RAS modeling of the run-of-river dams demonstrate some 
inherent limits as to the capabilities of the software to correctly depict the shape of water surface 
profiles at a run-of-river dam, at least in terms of what is conceptually expected to occur. The 
primary difference between the two methods of dam representation centers on the shape of the 
water surface profiles at the dams. With the inline structure method, there is a noticeable vertical 
drop in water surface elevation from upstream to downstream at the dams, with no indication of 
the supercritical transition at the dam followed by a change back to subcritical below the dam 
that is characteristically expected with the formation of a hydraulic drop-jump sequence 
(Frenette and Munteanu, 2005; Gonzalez and Chanson, 2007; Tokyay and Yildiz, 2007). This 
result is not surprising given that the inline method is most suitable for determining water surface 
elevations upstream and downstream of a drop structure, whereas the cross-section method 
computes details of the profile upstream and through the drop (U.S. Army Corps of Engineers, 
2010b).  In contrast, representation of the dams as a series of cross-sections yields water surface 
profiles that include explicit depictions of transition of the flow from subcritical to supercritical 
with passage over the dam, followed by the change back to subcritical downstream of the dam, a 
result that more closely emulates what is expected in terms of hydraulic theory. Nevertheless, 
even the cross section method appears to have problems capturing the transition of an optimal 
hydraulic jump to a submerged hydraulic jump as the depth of tailwater increases (Leutheusser 
and Birk, 1991; Leutheusser and Fan, 2001; Csiki and Rhoads, 2010). Further refinement of 
HEC-RAS predictions may be needed to accommodate such transitions.  
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 Resultant water surface elevations are lower upstream of the dam when using the cross-
section method than elevations using the inline structure method – a difference that is most 
pronounced at the highest discharges and closest to the dams. A practical threshold of 0.15 m 
difference is exceeded near the dams and at the highest discharges. Thus, the modeled backwater 
effect is less for the cross-section method than for the inline structure method.  Given the 
ubiquitous use of HEC-RAS by both scientists and practitioners, and differences noted in the 
results presented herein, additional research is needed to verify which of the two methods of 
representing dams produces the most accurate results. Such an evaluation requires a detailed 
survey of water surface elevations at a range of discharges. At high flows, such surveys are 
difficult because of dangerous conditions in the vicinity of the dam. However, further research to 
investigate which method presents the most accurate results is worthy of investigation. 
 Removal of the dams produces the anticipated effect of eliminating the backwater pools 
created by the dams while concurrently reducing the water surface elevations noticeably. The 
amount of the decreases in water surface elevations is directly dependent on the dam height. 
Also, decreases in elevation diminish with distance away from the dams and with increasing 
discharge.  Local rises in bed topography (either natural or anthropogenically-induced) are 
sufficient to create small backwater pools at low flows upstream of the Ellsworth Park and 
Effingham Dam sites even after the dams are removed. 
  While the results and discussion presented in this chapter focus on the water surface 
elevations and hydraulic effects of run-of-river dams in-place and after removal, one of the key 
drivers of examining run-of-river dam removals centers upon the post-removal morphological 
response. Specifically of interest are movements of material on the channel bed and the potential 
for flushing of sediment to downstream reaches, given increased bed shear stresses occurring 
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after removal. HEC-RAS provides the value of bed shear stress at each cross-section in a model, 
while calculation of critical shear stresses are possible given the particle size data available at 
these four dams. Thus, it is possible to calculate these shear stress values for both the dam in-
place and removed cases to compare how stresses change, and thus, the potential for 
mobilization of bed material at select discharges once dams are removed in a model. Buscombe 
and Conley (2012) present a method to enable this calculation and comparison for each particle 
size interval of bed material, thus allowing the use of the collected data and HEC-RAS output to 
provide a more precise illustration of individual particle sizes predicted to become mobilized 
after removal at varying discharges. This will be presented in Chapter 6. 
 
5.8 Concluding remarks 
 The HEC-RAS simulations show that water surface profiles at run-of-river dam sites 
generally conform to hypothesized  profiles in the vicinity of such structures (Csiki and Rhoads, 
2010). As expected, backwater conditions upstream of run-of-river structures are dependent on 
dam height, channel slope, and the degree of submergence of the dams. The upstream spatial 
extent of the backwater pool for the lowest stages is largely dependent on dam height and the 
slope of the stream with pools extending upstream farthest for streams with the highest dams and 
lowest gradients. Once dams become submerged the spatial extent of backwater largely depends 
on dam height with high dams having a greater backwater extent than low dams. With increasing 
discharge, the inflection point in the water surface profiles indicative of the upstream extent of 
the backwater zone migrates toward the dams as hypothesized by Csiki and Rhoads (2010). With 
use of the HEC-RAS inline structure function, water surface profiles at submerged dams exhibit 
a vertical or nearly vertical drop in the water surface. Here, even when classified as submerged, 
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the dams produce abrupt discontinuities in water-surface slope. Conversely, with use of cross-
sections for representation, the water surface profiles under submerged conditions are largely 
controlled by downstream stage and the effect of the dams on water surface slope is largely 
eliminated, consistent with the hypothesized effects of Csiki and Rhoads (2010). Also, the cross-
section method explicitly represents in the shapes of the water surface profiles the transition from 
subcritical to supercritical flow over the dam and the return to subcritical flow downstream of the 
dam.  
Differences in water surface elevations exceeding 0.15 m occur near the dams for the 
inline and cross-section methods at the highest discharges. The value of 0.15 m is an important 
threshold value.  The Federal Emergency Management Agency, which uses HEC-RAS in its 
floodway determinations, requires additional evaluation if water surface elevations exceed this 
value when comparing new and old versions of the HEC-RAS software. Comparisons of the 
water surface elevations between the inline structure versus cross-section methods of dam 
representation within HEC-RAS show that this threshold is typically surpassed directly upstream 
of the dams, mainly at the highest discharges. Progressing away from the dams, differences 
between the two methods of representation become less than the threshold, indicating that the 
two methods predict  similar water-surface profiles except in the immediate vicinity of the 
structures.  
Differences in predicted water surface elevations for the inline structure and cross-section 
methods of dam representation for the dams in place warrants further examination. Without 
actual field data, it is not possible to identify which method generates the greatest errors in 
predicted water surface elevations. Studies of water surface elevations upstream and downstream 
of run-of-river dams are needed to corroborate the elevation results from HEC-RAS analyses and 
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to determine which method predicts most accurately water surface elevations in the vicinity of 
run-of-river dams. Given the safety hazard posed by high discharges flowing over submerged 
run-of-river dams, such data will be difficult to obtain. One possibility is to obtain low-level 
aerial photographs of water flow over submerged dams and then analyze water-surface elevation 
variations using digital photogrammetric methods.  
 Overall, flow profiles exhibit notable decreases in water surface elevations upstream of 
the dams following simulated dam removals. The backwater pool upstream of the dams created 
by the dams is eliminated following removal. No abrupt discontinuities in water surface profiles 
are evidence at the sites of the removed dams, suggesting that removal should reestablish a  
relatively natural flow regime to these rivers (Gregory et al., 2002; Csiki and Rhoads, 2010). In 
some cases, small backwater pools remain upstream at low stages due to the occurrence of local 
topographic highs on the channel bed. Differences in water surface elevations between the cases 
with the dams in place and after removal range from 0.01 m to 2.4 m. The smallest differences 
occur at the location of the smallest dam and the largest differences occur in the immediate 
vicinity of the highest dam.   
HEC-RAS, a one-dimensional model, is not capable of simulating the complex three-
dimensional patterns of flow that occur behind run-of-river dams. Simulations using three-
dimensional models, especially those capable of representing discrete turbulent vortices in the 
flow (e.g. Constantinescu et al. 2011, 2012) are needed to identify coherent flow structures 
present behind run-of-river dams at different levels of submergence, such as those hypothesized 
by Csiki and Rhoads (2010). Verification of such simulations will require experimental studies 
of flow over submerged sills and field investigations of flow over submerged dams.   
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  Finally, although the results in this chapter focus on the water surface elevations and 
hydraulic effects of run-of-river dams in-place and after removal, a key concern that drives 
research into the problem of run-of-river dam removals is the potential for post-removal 
morphological response. Specifically, the potential mobilization of sediment stored behind dams 
and flushing of this sediment into downstream reaches is a major concern. This problem can be 
evaluated by determining, using HEC-RAS, the values of bed shear stress at each cross-section 
in a model and comparing this value to critical shear stresses for particle mobilization. 
Conducting such an analysis with and without the dam in-place can provide insight into the 
effect of dam removal on the mobility of sediment upstream from the dam for different 
discharges. This type of analysis forms the basis for Chapter 6 of this dissertation. 
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Table 5.1. Manning's n values used in HEC-RAS model (based upon United States Army Corps 
of Engineers, 2010b). 
 
Description Manning’s n value used 
Main channels 
Clean, straight, no rifts or deep pools 0.030 
Clean, straight, no rifts or deep pools, but 
with more stones and weeds 
0.033 
Clean, winding, some pools and shoals 0.040 
Winding, weeds and stones 0.050 
Slow sluggish reaches, weedy, deep pools 0.070 
Very weedy, deep pools, heavy stands of 
timber or brush 
0.100 
Floodplains 
Cement masonry 0.020 
Very short grass 0.025 
High grass 0.035 
Cleared land with tree stumps 0.040 
Heavy weeds, scattered light brush and 
trees 
0.050 
Light to medium dense brush and trees 0.065 
Heavy stand of trees, little undergrowth, 
flow below branches 
0.100 
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Table 5.2. Values of C used in calculation of q' for the 95% and 80% discharge profiles. 
Discharge Profile Value of Coefficient C 
95% 0.158 
80% 0.178 
 
Table 5.3.Upstream extent of backwater for modeled profiles at Ellsworth Park Dam on North 
Fork Vermilion River for the inline structure method and cross-sections representation of the 
dam. Cross-section number corresponding with the distance listed in parentheses. 
 
Profile Upstream extent of 
backwater (Inline 
Structure) 
Upstream extent of 
backwater (Cross-
section method) 
95% (0.33 m3/s) 494.63 m (37) 494.63 m (37)  
90% (0.50 m3/s) 332.03 m (25) 359.13 m (27)  
80% (0.96 m3/s) 359.13 m (27) 494.63 m (37)  
70% (1.62 m3/s) 440.43 m (33) 85.4 m (5)  
60% (2.82 m3/s) 332.03 m (25) 359.13 m (27)  
50% (4.21 m3/s) 142.33 m (11) 277.83 m (21)  
40% (5.90 m3/s) 85.4 m (5) 85.4 m (5)  
30% (8.28 m3/s) 85.4 m (5) 30.8 m (3)  
20% (12.72 m3/s) 85.4 m (5) 30.8 m (3)  
10% (24.32 m3/s) 30.8 m (3) 17.2 m* (2)  
5% (40.75 m3/s) 30.8 m (3) 17.2 m* (2)  
2% (78.20 m3/s) 17.2 m* (2) 17.2 m* (2)  
1% (107.69 m3/s) 17.2 m* (2) 17.2 m* (2)  
Peak Q (162.20 m3/s) 17.2 m* (2) 17.2 m* (2)  
* = Backwater extent may be located between the dam and Station (Transect) 2, but does not extend upstream of 
Station 2. 
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Table 5.4.Upstream extent of backwater for modeled profiles at Vermilion River Dam for the 
inline structure method and cross-sections representation of the dam. Cross-section number 
corresponding with the distance listed in parentheses. 
Profile Upstream extent of 
backwater (Inline 
Structure) 
Upstream extent of 
backwater (Cross-
section method) 
95% (1.10 m3/s) 1184.1 m (36) 1558.1 m (47)  
90% (1.53 m3/s) 1558.1 m (47) 1558.1 m (47)  
80% (2.58 m3/s) 674.1 m (21) 1184.1 m (36)  
70% (4.39 m3/s) 606.1 m (19) 1184.1 m (36)  
60% (7.45 m3/s) 742.1 m (23) 980.1 m (30)  
50% (11.61 m3/s) 742.1 m (23) 96.1 m (4)  
40% (17.13 m3/s) 334.1 m (11) 334.1 m (11)  
30% (24.92 m3/s) 28.1 m* (2) 164.1 m (6)  
20% (38.79 m3/s) 164.1 m (6) 164.1 m (6)  
10% (70.51 m3/s) 28.1 m* (2) 28.1 m* (2)  
5% (116.38 m3/s) 28.1 m* (2) 28.1 m* (2)  
2% (203.31 m3/s) 28.1 m* (2) 28.1 m* (2)  
1% (273.82 m3/s) 28.1 m* (2) 28.1 m* (2)  
Peak Q (1379 m3/s) 28.1 m* (2) 28.1 m* (2)  
* = Backwater extent may be located between the dam and Station (Transect) 2, but does not extend upstream of 
Station 2. 
 
Table 5.5.Upstream extent of backwater for modeled profiles at the Effingham Dam on the Little 
Wabash River for the inline structure method and cross-sections representation of the dam. 
Cross-section number corresponding with the distance listed in parentheses. 
Profile Upstream extent of 
backwater (Inline 
Structure)  
Upstream extent of 
backwater (Cross-
section method) 
95% (0.03 m3/s) 838.09 m (57) 838.09 m (57)  
90% (0.08 m3/s) 838.09 m (57) 838.09 m (57)  
80% (0.21 m3/s) 838.09 m (57) 838.09 m (57)  
70% (0.42 m3/s) 838.09 m (57) 373.09 m (26)  
60% (0.76 m3/s) 373.09 m (26) 373.09 m (26)  
50% (1.19 m3/s) 643.09 m (44) 838.09 m (57)  
40% (1.84 m3/s) 313.09 m (22) 178.09 m (13)  
30% (2.92 m3/s) 283.09 m (20) 43.09 m (4)  
20% (5.47 m3/s) 73.09 m (6) 28.09 m (3)  
10% (13.59 m3/s) 43.09 m (4) 28.09 m (3)  
5% (27.98 m3/s) 13.09 m* (2) 13.09 m* (2)  
2% (63.15 m3/s) 13.09 m* (2) 13.09 m* (2)  
1% (94.59 m3/s) 13.09 m* (2) 13.09 m* (2)  
Peak Q (891.98 m3/s) 13.09 m* (2) 13.09 m* (2)  
* = Backwater extent may be located between the dam and Station (Transect) 2, but does not extend upstream of 
Station 2. 
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Table 5.6.Upstream extent of backwater for modeled profiles at the Krape Park Dam on Yellow 
Creek for the inline structure method and cross-sections representation of the dam. Cross-section 
number corresponding with the distance listed in parentheses. 
 
Profile Upstream extent of 
backwater (Inline 
Structure) 
Upstream extent of 
backwater (Cross-
section method) 
95% (0.54 m3/s) 1332.5 m (83) 1040 m (65)  
80% (0.61 m3/s) 1332.5 m (83) 1332.5 m (83)  
50% (67.1 m3/s) 65 m (5) 32.5 m* (3)  
20% (111.9 m3/s) 32.5 m* (3) 32.5 m* (3)  
10% (143.3 m3/s) 32.5 m* (3) 32.5 m* (3)  
4% (185 m3/s) 32.5 m* (3) 32.5 m* (3)  
2% (216.6 m3/s) 32.5 m* (3) 32.5 m* (3)  
1% (248 m3/s) 32.5 m* (3) 32.5 m* (3)  
Peak Q (325.6 m3/s) 32.5 m* (3) 32.5 m* (3)  
* = Backwater extent may be located between the dam and Station (Transect) 3, but does not extend upstream of 
Station 3. 
 
Figure 5.1.North Fork Vermilion River flow profiles. 
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Figure 5.2. North Fork Vermilion River profiles for select discharges with focused view at the 
dam. 
 
 
 
Figure 5.3.Vermilion River flow profiles. 
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Figure 5.4. Vermilion River profiles for select discharges with focused view at the dam. 
 
 
Figure 5.5.Little Wabash River flow profiles. 
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Figure 5.6. Little Wabash River profiles for select discharges with focused view at the dam. 
 
 
Figure 5.7.Yellow Creek flow profiles. 
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Figure 5.8. Yellow Creek profiles with focused view at the dam. 
 
 
Figure 5.9.North Fork Vermilion River flow profiles, using a set of cross-sections to represent 
the dam. 
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Figure 5.10. North Fork Vermilion River profiles with focused view at the dam, using a set of 
cross-sections to represent the dam. 
 
 
* = Backwater extent may be located between the dam and Station (Transect) 2, but does not extend upstream of 
Station 2. 
 
Figure 5.11.Vermilion River flow profiles, using a set of cross-sections to represent the dam. 
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Figure 5.12. Vermilion River profiles with focused view at the dam, using a set of cross-sections 
to represent the dam. 
 
 
* = Backwater extent may be located between the dam and Station (Transect) 2, but does not extend upstream of 
Station 2. 
 
Figure 5.13.Little Wabash River flow profiles, using a set of cross-sections to represent the dam. 
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Figure 5.14. Little Wabash River profiles with focused view at the dam, using a set of cross-
sections to represent the dam. 
 
 
* = Backwater extent may be located between the dam and Station (Transect) 2, but does not extend upstream of 
Station 2. 
 
Figure 5.15.Yellow Creek flow profiles, using a set of cross-sections to represent the dam. 
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Figure 5.16. Yellow Creek profiles with focused view at the dam, using a set of cross-sections to 
represent the dam. 
 
 
* = Backwater extent may be located between the dam and Station (Transect) 2, but does not extend upstream of 
Station 2. 
 
Figure 5.17.Water surface elevation difference between inline structure and cross-sections 
method of dam representation upstream of Ellsworth Park Dam. 
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Figure 5.18.Water surface elevation difference between inline structure and set of cross-sections 
method of dam representation upstream of Vermilion River Dam. 
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Figure 5.19.Water surface elevation difference between inline structure and set of cross-sections 
method of dam representation upstream of the Effingham Dam. 
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Figure 5.20.Water surface elevation difference between inline structure and set of cross-sections 
method of dam representation upstream of the Krape Park Dam. 
 
Figure 5.21. North Fork Vermilion River flow profiles, with the existing dam removed. Dam 
location is at 570 m along the main channel distance axis. 
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Figure 5.22. Decreases in water surface elevations at select cross-sections and discharge profiles 
for the cases of the Ellsworth Park Dam in place versus the dam removed. 
 
Figure 5.23. Vermilion River flow profiles, with the existing dam removed. Dam location is at 
300 m along the main channel distance axis. 
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Figure 5.24. Decreases in water surface elevations at select cross-sections and discharge profiles 
for the cases of the Vermilion River Dam in place versus the dam removed. 
 
Figure 5.25. Little Wabash River (Effingham) flow profiles, with the existing dam removed. 
Dam location is at 380 m along the main channel distance axis. 
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Figure 5.26. Decreases in water surface elevations at select cross-sections and discharge profiles 
for the cases of the Effingham Dam in place versus the dam removed. 
 
Figure 5.27. Yellow Creek (Freeport) flow profiles, with the existing dam removed. Dam 
location is at 300 m along the main channel distance axis. 
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Figure 5.28. Decreases in water surface elevations at select cross-sections and discharge profiles 
for the cases of the Krape Park Dam in place versus the dam removed. 
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CHAPTER 6 
 
 
ANALYSIS OF BED SHEAR STRESS CHANGES AT RUN-OF-RIVER 
DAMS 
 
 
 
6.1 Introduction and Purpose  
 The flow of water over the bed of an alluvial channel can initiate particle motion – the 
process of bed material transport. Determining the initiation of particle motion is a fundamental 
issue in the evaluation of  the potential for bed-material transport (i.e., Bagnold, 1973; 
Fernandez-Luque and Van Beek, 1976; Simons et al., 1979; Lavelle and Mofjeld, 1987; Wiberg 
and Smith, 1987; Andrews, 1994; Wilcock, 1996; Buffington and Montgomery, 1997; 
Buffington, 1999; Larsen et al., 2011). Bed material transport typically occurs when forces 
associated with the flow at the channel-bed/water interface are greater than the resisting forces 
associated with particle mass. Thus, initiation of particle motion on the bed, or entrainment, 
commences when a critical threshold of force is exceeded. Typically, this force is expressed in 
terms of a critical shear stress (Lavelle and Mofjeld, 1987; Buscombe and Conley, 2012).  
As shown in the previous chapter, run-of-river dams can strongly influence hydraulic 
conditions in a river, particularly upstream of these structures.  Backwater effects produced by 
run-of-river dams can reduce shear stresses over a range of flows, thereby inhibiting particle 
mobility and potentially leading to deposition upstream of dams. Following dam removal, shear 
stresses can increase, resulting in enhanced particle mobility and downstream flushing of 
accumulated material. This potential for mobilization of bed material and the adverse effects of 
mobilized material on environmental quality is often a major concern when considering possible 
removal of a run-of-river dam (Syed et al., 2004; Ashley et al., 2006; Riggsbee, 2006; Velinsky 
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et al., 2006; Evans and Gottgens, 2007; Tuckerman and Zawiski, 2007; Maloney et al., 2008; Orr 
et al., 2008).  Thus, estimation of thresholds of particle mobility, particularly the critical shear 
stress for particle movement, is important for determining the potential response of a river to 
dam removal.  
The purpose of this chapter is to evaluate the mobility of bed material upstream and 
downstream of the four run-of-river dams in this study both with and without the dams in place, 
including how the competence of the flow to mobilize different sediment particle sizes varies 
with discharge.  The chapter first provides a brief discussion of the concept of boundary shear 
stress, followed by a detailed description of the critical shear stress associated with particles on a 
streambed.  The method used to calculate the critical shear stress of particle size distributions is 
then reviewed.   Shear stresses derived from the hydraulic analysis in Chapter 5 are then 
compared to critical shear stresses to evaluate particle mobility with and without the dams in 
place.  The implications of the results for dam removal are then discussed.  
 
6.2. Background 
 The background for the research in this chapter draws upon the literature on boundary 
shear stress and critical boundary shear stress.  
 
6.2.1 Boundary shear stress 
 Boundary shear stress, also termed tractive force, is the component of hydraulic forces 
within flow oriented along the channel bed in the downstream direction (Simons et al., 1979). 
Boundary shear stress above a critical threshold for particle movement is associated with the 
volumetric sediment transport rate at a location in a river channel (Buscombe and Conley, 2012). 
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The boundary shear stress in turbulent open-channel flows is influenced by gravitational forces, 
secondary currents, the shape of the channel cross-section, bed roughness, and fluid shear 
stresses (Wilcock, 1996; Guo and Julien, 2005; Bockelmann-Evans et al., 2008; Ardichoglu et 
al., 2011). Typically, boundary shear stress is not measured directly, but rather is calculated 
through known information on flow and channel cross-section characteristics using derived 
mathematical relationships (Simons et al., 1979; Wilcock, 1996). A commonly used and 
straightforward equation for calculation of the mean boundary shear stress in steady uniform 
flow (Simons et al., 1979; Al-Khatib and Dmadi, 1999; Sclafani, 2010; United States Army 
Corps of Engineers, 2010b; Immeker, 2012) for a cross-section in a river channel is given by: 
 τ = ρgRSe         (6.1) 
where 
ρ = density of water (1000 kg/m3) 
g = gravitational acceleration (9.81 m/s2) 
R = cross-sectional hydraulic radius 
Se = energy grade slope 
In this equation, the local boundary shear stress is assumed to be uniformly distributed along the 
cross-section boundary.  
 Calculation of boundary shear stress is useful for identifying regions of potential erosion 
and deposition on the streambed(Al-Khatib and Dmadi, 1999). Hydraulic models, such as HEC-
RAS, compute the mean boundary shear stress automatically using Equation 6.1, which provides 
estimates suitable for many engineering applications. In natural rivers, the assumption that 
boundary shear stress is distributed uniformly along the boundary of a reach often does not 
strictly hold. Instead, boundary shear stress varies spatially based on patterns of sediment sorting, 
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the development of bedforms, and other local factors that can affect flow resistance. For a given 
flow condition, increased flow resistance leads to enhanced bed shear stresses (Bockelmann-
Evans et al., 2008).  
Advanced methods are available to estimate local boundary shear stresses based on the 
steepness of a logarithmic velocity profile above the bed (Wilcock, 1996), from the turbulent 
Reynolds stresses above the bed (Ursic, 2011; van der A, 2011), and from local values of 
Reynolds stresses or turbulent kinetic energy near the bed (Biron et al.,2004). Estimating this 
local variability in boundary shear stress remains an ongoing research agenda in river science. 
Application of advanced models requires detailed information on either velocities or turbulent 
stresses within the water column - information that is not generated by a one-dimensional 
hydraulic model such as HEC-RAS.  Thus, particle mobility in this project is assessed using 
mean boundary shear stress estimates produced by HEC-RAS using Equation 6.1.  Such 
estimates are appropriate for evaluating overall particle mobility at the reach scale.  
 
6.2.2 Critical shear stress 
 The concept of a critical shear stress, presented by the classic work of Albert Shields, 
represents an early attempt to propose distinct threshold conditions at which the motion of a 
specific particle, and thus sediment transport, will commence (Figure 6.1; Yalin and Karahan, 
1979; Wiberg and Smith, 1987; Buffington and Montgomery, 1997; Buffington, 1999; 
Shvidchenko et al., 2001; Mueller et al., 2005; Cao et al., 2006; Lamb et al., 2007; Buscombe 
and Conley, 2012). Such a defined threshold is assumed to represent a condition below which 
sediment will not be in motion and the volumetric sediment transport per unit width of stream 
channel will equal zero. The incipient motion of particles on a flat streambed is influenced by 
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three main forces (Fernandez-Luque and Van Beek, 1976; Bridge and Bennett, 1992; Chen and 
Stone, 2008): 
1. submerged weight of the particle acting vertically downward (Fg), where 
 Fg ∞ (ρs - ρw)gD        (6.2) 
ρs = density of sediment (2650 kg/m3) 
ρw = density of water (1000 kg/m3) 
g = gravitational acceleration (9.81 m/s2) 
D = particle diameter (typically the D50) 
2. downstream directed drag force (Fd), where 
 Fd ∞ ρwV*2D2         (6.3) 
V* = critical value of the local flow velocity 
3. upward directed lift force (Fl), where 
 Fl ∞ ρwV*2D2         (6.4) 
The total erosive force (Fe) ∞ ρwV*2D2      (6.5) 
The balance of forces upon a particle that combine to initiate motion rely upon both Fg and Fe, 
such that 
 θc = (ρwV*2D2)/[(ρs - ρw)gD3] = (ρwV*2)/[(ρs - ρw)gD]   (6.6) 
Since V* = √τc/ρ: 
 θc = τc/[(ρs - ρw)gD]        (6.7)  
where 
θc = dimensionless critical shear stress (Shields parameter), or the balance between the force 
mobilizing a particle and the force detaining it in place 
τc = value of shear stress at the bed under which motion of particles begins 
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Through experiments performed in a flume, Shields determined values of θc at which motion of a 
particle is initiated, which Shields found are related to the erosive Reynolds number:  
 Ree = V*D/ν         (6.8) 
where 
 ν = kinematic viscosity of water 
The relationship between θc and Ree has become known as the Shields diagram (also referred to 
as the Shields curve) and is used extensively for estimation of the initiation of particle motion in 
river science (Yalin and Karahan, 1979; Buffington, 1999; Cao et al., 2006). Figure 6.1 
represents a plot of the Shields curve from Yalin and Karahan (1979), which includes additional 
data points from various subsequent experiments to refine Shields’ analysis. The diagram may be 
divided into three flow conditions: hydraulically smooth (Ree< ~1.5); transitional (Ree ranges 
from 1.5 to 70); and hydraulically rough (Ree ≥ 70). Most natural rivers, especially those 
containing coarse sand and gravel, are hydraulically rough. Under these conditions, the value of 
θc becomes independent of Ree, i.e. θc has a constant value, or θc = 0.045. Thus, Equation 6.7 
may be rearranged as: 
 τc= θc[(ρs - ρw)gD]        (6.9) 
Or, for θc = 0.045, ρs= 2,650 kg/m3,ρw= 1000 kg/m3, and g = 9.81 m/s2, Equation 6.9 may be 
reduced to: 
 τc = 712D         (6.10) 
Equation 6.10 is commonly used to determine the critical bed shear stress for particle motion 
under fully rough flow (Ree ≥ 70) and a representative value for particle size (often D50). 
 The widespread use of the Shields diagram to determine particle entrainment has not 
been without criticism (Yalin and Karahan, 1979; Buffington, 1999; Cao et al., 2006). For 
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instance, motion of uniform particles typically occurs over a range of shear stress values, rather 
than at a single value. Thus, even in cases where the boundary shear stress is less than the so-
called critical shear stress, particle movement often occurs (Wu et al., 2000). While it is 
generally accepted that Shields determined critical shear stress through pairing of shear stress 
measurements and bed load transport rate to a zero level of transport (Vanoni, 1964; Gessler, 
1971), visual techniques may also have been used given that Shields discussed both techniques 
but did not specify precisely which he used. Additionally, it is recognized that bed forms can 
influence form drag and thus, shear stress, though it is unclear if the effects of bed forms was 
factored into the analysis by Shields. Moreover, information in the Shields curve combines 
critical shear stresses for both worked (by water) and unworked sediments, which is potentially 
problematic as worked and unworked sediments may have different thresholds of motion 
(Buffington, 1999).  
 A major limitation of the Shields curve is that the derivation of dimensionless critical 
shear stresses is not grain-size specific, but instead derives from bulk measures of sediment 
movement (Buffington, 1999). Calculation of τc using Equation 6.9 works reasonably well for 
streambeds comprised of sediments of relatively uniform size (Wiberg and Smith, 1987). 
However, calculations of τc and ensuing entrainment for the initiation of transport becomes more 
complicated for streambeds with a mixture of grain sizes. Under such conditions, transport of 
bed particles of a specific size is governed not by absolute size, but by the relation of a specific 
particle to the total distribution of particle sizes (Bagnold, 1973; Wiberg and Smith, 1987; 
Wilcock, 1988; Ashworth and Ferguson, 1989; Shvidchenko et al., 2001; Buscombe and Conley, 
2012). It is important to consider individual particle size classes within sediment mixtures in 
determining initiation of motion given that mixtures have different entrainment characteristics 
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than uniform sediments (Lamb et al., 2008). Variations in entrainment of different size classes 
within a mixture can be influenced by particle clustering, relative particle protrusion, particle 
shape, and by the effects of particles on near-bed flow and the distribution of critical bed shear 
stresses induced by turbulence (Fernandez-Luque and Van Beek, 1976; Fenton and Abbott, 
1977; Buffington, 1999; Cheng, 2006).  
 Despite difficulties inherent in accurately determining thresholds of entrainment for 
sediment mixtures, the common occurrence of graded sediment in natural rivers has led to the 
development of numerous approaches for determining the mobility of individual classes of 
particles within such mixtures (Wiberg and Smith, 1987; Wilcock, 1988; Ashworth and 
Ferguson, 1989; Bridge and Bennett, 1992; Wu et al., 2000; Wilcock and Crowe, 2003; Duan 
and Scott, 2007). Many functions have the general form  
 'ci = cgDi|Dgb - 1        (6.11) 
where θ’ci is the critical shear stress for size fraction i, θcg is the critical shear stress for a particle 
size representative of the entire mixture (usually D50 or the mean particle size), and Di is the 
representative particle size for the ith fraction. When the right side of Equation 6.19 is placed 
into the standard equation for shear stress: 
 τ = θ (ρs - ρw)gD        (6.12) 
the following equation for critical dimensional shear stress is produced: 
 τci = θcg(ρs - ρw)g(Dg-(b-1))(Di(b-1)+1)      (6.13) 
Refinement of this general approach has occurred over time and recently Buscombe and 
Conley (2012) proposed a method that builds on much previous work to calculate mobility 
thresholds of different particle size classes contained within a sediment mixture. Based on a 
thorough review of past studies, Buscombe and Conley (2012) argue that while critical shear 
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stress (θc) has traditionally been viewed as independent of flow conditions, this assumption can 
be challenged.  The effective shear stress (θc) represents the portion of the boundary shear stress 
applied by the water on the channel bed that is expended on processes other than sediment 
mobilization (Equations 6.14 and 6.15).  
c = 0.31 + 1.2D* + 0.055[1 - exp(-0.02D*)]     (6.14) 
where 
 D*= g(ρs/ρ - 1)
υ
2 1/3         (6.15) 
Using methods similar to the evaluation of fractional critical shear stress for grain 
mixtures (θci), Buscombe and Conley (2012) show that the effective fractional shear stress (θei) is 
a function both of the bed sediment size and sorting, and of the flow conditions, challenging the 
assumption that θei always equals θci: 
 ei = 

cg DiDg1.04
u*u*cg Dg ,             DiDg  ≤ 1
cg DiDg ! 1, {1.04
u*u*cg Dg} , DiDg > 1
%
     (6.16)  
where  
 Dg=∑ DiPili = 1          (6.17) 
 u* = '(/*         (6.18) 
 + =  ,∑ -Di - D./2Pili = 1        (6.19) 
Equation 6.16 outperforms other entrainment formulas in extensive testing and also overcomes 
the bias toward fine material in many mobilization relations. 
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6.3 Methods 
 The boundary shear stress, τ, is available for varying discharges from the HEC-RAS 
output, as the software calculates τ automatically at each station (cross-section) for each modeled 
discharge. HEC-RAS incorporates within its code an equation for bed shear stress calculation at 
each cross-section, which is (Sclafani, 2010; United States Army Corps of Engineeers, 2010b; 
Immeker, 2012): 
τ = γRSf         (6.20) 
where 
τ = shear stress at the cross-section (N/m2) 
γ = unit weight of water (9810 N/m3) 
R = hydraulic radius of the cross-section (m) 
Sf = friction slope at the cross-section (slope of the energy grade line at the cross-section) 
HEC-RAS calculates shear stress using Equation 6.20 at each cross-section, and, for overbank 
flows, subdivides a cross-section into left, center and right subdivisions for hydraulic 
calculations, including bed shear stress (Sclafani, 2010). These values are then averaged to 
provide one boundary shear stress value for each cross-section. To calculate the friction slope 
component of the shear stress equation, HEC-RAS uses the average conveyance equation, which 
is: 
           01 = 234 25634 657        (6.21) 
where 
 Q1, Q2 = discharge in cross-section subarea 1 and 2 
 K1, K2 = conveyance in cross-section subarea 1 and 2 
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Instances where HEC-RAS has been used to evaluate bed shear stress have appeared in the 
literature, such as an analysis of bed shear stress at varying modeled flow discharges to analyze 
dam-induced flow regime change on river morphology (Choi et al., 2005), to examine thresholds 
of entrainment at bankfull flow for determination of consequences for benthic invertebrates 
(Mayoral, 2011), and to examine bed shear stress trends (Richard and Anderson, 2007). In this 
study, shear stress values are derived from simulations where the inline structure function is used 
to represent run-of-river dams.  
 Calculation of the entrainment threshold of multiple particle size classes within sediment 
mixtures at each cross-section is based on Equation 6.16 (Buscombe and Conley 2012).  
Effective shear stress is determined for each size fraction interval. Use of Equation 6.16 for 
calculation of particle mobility at the run-of-river dams requires data for Di, Pi, and u*. Equation 
6.16 also allows for the comparative mobility of particle size fractions to be compared for each 
particle size fraction and discharge value at a cross-section. For each cross-section, shear 
velocity (u*) can be calculated using the boundary shear stress output from HEC-RAS, whereas 
Di and Pi are determined from particle size analysis of the bed sediment samples collected as part 
of this research. For the purposes of mobility calculations, the bed sediment samples located 
closest to the channel thalweg were used to evaluate entrainment by size fraction. All sediment 
samples were sieved at ½ phi intervals to determine the fractional proportion of the total sample 
weight corresponding to each interval (Pi).  The value of Di used for each particle size interval 
corresponds to the upper bound for the interval (Table 6.1). A value for the upper bound of i = 1 
must be chosen as the sieve with the greatest particle size opening in this analysis is 31.5 mm. In 
sieve analysis where larger openings are used, the largest sieve stack commonly available is a 
mesh of 125 mm, and is thus the value used as the upper bound for the class interval where i = 1. 
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In Wolman pebble counts performed downstream of these dams, several particles exist that 
exceed 125 mm dimensions, which provides justification from field conditions that the use of 
125 mm as the upper bound for i = 1 is valid. Calculated critical shear stresses for each 
individual particle size class can also be compared to the boundary shear stress determined for 
each discharge value at each cross-section to identify at which discharge values different size 
classes become mobile. 
 
6.4Results 
6.4.1 Boundary shear stress results with dams in place 
 Overall, upstream of the dams, shear stresses are typically < 3 N/m2forall but the smallest 
frequency flows  (Figures 6.2 through 6.5). Within the range of exceedance probabilities from 
95% to 50%, boundary shear stresses at some locations within the backwater zone close to the 
dam are less than 0.01 N/m2. Plots for the exceedance probabilities < 50% deviate somewhat 
from those for more frequent flows but are still remarkably similar to the high-frequency plots.  
Although the plots are similar in shape, shear stress tends to increase upstream of the dams more 
dramatically for low-frequency flows than for high-frequency flows, and variability in stress 
values among the cross-sections increases, a pattern masked somewhat by the logarithmic scale 
on the plots of shear stress versus distance. The more rapid increase in shear stress over distance 
for low-frequency flows presumably is tied to a reduction in backwater effects at the Ellsworth 
Park, Vermilion River, and Krape Park Dams. At the Effingham Dam, shear stresses for the peak 
discharge are more variable, presumably indicating that variations of the bed topography are 
causing modifications to the hydraulic radius and slopes at individual cross-sections.  
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Abrupt increases in shear stress occur within about 100 meters downstream of each dam, 
which, in each case, corresponds to a local increase in water-surface slope (Figures 6.2 through 
6.5). These local increases in water-surface slope diminish for the highest discharges, thereby 
reducing the local increase in shear stress. The channel bed downstream of the Effingham Dam is 
fairly flat compared to the channel bed downstream of the dams at the other three sites. Thus, 
shear stresses are uniform below this dam before increasing about 85 m from the dam.  
 Statistical comparisons were performed to evaluate possible differences in shear stresses 
at varying discharges upstream and downstream of each of the dams. The null hypothesis is that 
the magnitudes of shear stress upstream and downstream of each dam do not differ significantly. 
Shapiro-Wilk tests on the upstream and downstream groupings show a lack of a normal 
distribution. Thus, the Mann-Whitney U Test was used for statistical testing of differences in 
medians among the upstream versus downstream shear stress distributions at each dam.  
 For the Ellsworth Park and Vermilion River Dams (Tables 6.5 and 6.6) median shear 
stress is significantly greater downstream of the dam than upstream for flows of high to moderate 
frequency (30% to 95% exceedance probabilities). No significant differences in median shear 
stress exist for the lowest frequency events (5% and peak) at the Ellsworth Park Dam.  For the 
Vermilion River Dam, no significant difference occurs for the 5% event, but for the peak event, 
shear stress upstream of this dam is significantly greater than downstream. Directly downstream 
of the Ellsworth Park and Vermilion River Dams, shear stresses increase abruptly compared to 
upstream of the dams. These local increases correspond with increases in  water-surface slopes 
below the dams.  Thus, backwater effects upstream from these dams reduce the water surface 
slopes, thereby decreasing the shear stresses compared to downstream of the dams.  Once the 
backwater effects are overcome during dam submergence, median shear stresses are either 
194 
 
roughly similar upstream and downstream of these two dams or the upstream median shear stress 
can exceed the downstream median shear stress.  
 For the Effingham Dam, the only difference that exhibits statistical significance at the 
0.05 level is for the peak discharge, where the median shear stress is 124 N/m2 higher upstream 
of the dam than the median value downstream. Shear stresses are small downstream of this dam, 
especially for exceedance probabilities > 30%. To understand shear stress trends at the 
Effingham Dam, the large pool 85 m to 250 m downstream from the dam must be considered. 
This pool has a deep thalweg with a maximum local depth of 5.10 m (see Chapter 4). It likely 
has been produced by scour below the dam and interaction of the flow with a constriction at a 
railroad bridge. The pool locally reduces the water surface slope, producing low shear stresses. 
Values of shear stress increase only at the downstream end of the study reach where local water-
surface slopes increase (Figure 6.4).  
At Krape Park Dam, median shear stresses are higher downstream for all discharges 
compared to upstream, but not all of these differences are statistically significant. Differences for 
the 95%, 50% and 20% exceedance probabilities at the Krape Park Dam are statistically 
significant at the 0.05 level, the difference for the 10% plot is significant at the 0.07 level, and 
differences for the 5% and peak discharges are not significant at the 0.10 level. 
 A visual comparison between the water surface elevation profiles (Figures 5.1 through 
5.4, Chapter 5) with the shear stress plots (Figures 6.2 through 6.5) shows some congruence in 
patterns. Contrasting the two sets of plots shows that decreased shear stress occurs where depth 
increases, which tends to decrease water surface slopes. In these situations, hydraulic radius 
increases and slope decreases. This visual relationship can be observed in cases where pools 
exist (such as downstream of the Effingham Dam), and at the downstream extents of study 
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reaches where slope increases and depth decreases.  Plots of water surface elevation profiles 
(Chapter 5) do demonstrate the backwater effect created by the run-of-river dams, particularly at 
low flows. With such backwater effects, shear stress values are small upstream of the dams and 
tend to  increase downstream of these structures, a result confirmed for the Ellsworth Park and 
Vermilion River Dams, and to a lesser extent at the Krape Park Dam. Downstream of the 
Effingham Dam, the lack of an overall increase in shear stress compared to upstream of the dam 
is the result of a large pool that produces a local backwater effect similar to that which occurs 
upstream. The small increase in shear stress values downstream of the Krape Park Dam 
compared to upstream is likely influenced by three interconnected factors: (1) the dam is the 
shortest of the four studied; (2) local channel depths are less than for the other three sites; and (3) 
flow data are derived from a regional runoff relation rather than from gauging data – the type of 
information used at the other three sites (see Chapter 5). Differences in flow values among 
exceedance probabilities for Krape Park is less than for the other three sites, which is possibly an 
effect of the small watershed area upstream of the Krape Park Dam. Small flow differences 
translate to small differences among water surface profiles, and consequently, small differences 
among shear stress plots with increasing discharge. 
 Shear stress is a product of hydraulic radius and slope (Equation 6.1). Thus, shear stress 
increases with increasing hydraulic radius or slope values, or both. To investigate the 
contributions of these two variables to shear stress, both energy grade slope and hydraulic radius 
output from HEC-RAS are correlated with shear stress values for various discharges at each 
cross-section (Tables 6.3 and 6.4). Correlations of energy grade slope with boundary shear stress 
for all discharges at all of the dams yield strongly positive correlations. With the exception of the 
highest discharges at the Vermilion River Dam, all R2 values exceed 0.82.  In contrast, 
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correlations between shear stress values and hydraulic radius are substantially weaker than those 
for energy grade slope, with R2 values ranging from 0.02 to 0.52 (Table 6.4).  While the 
associations are not very strong, the results suggest that shear stress increases with decreasing 
hydraulic radius. This negative association is surprising, given that it should be positive from the 
shear stress equation. Thus, the negative association signifies that slope and hydraulic radius are 
also negatively associated, with slope as the primary parameter governing shear stresses. When 
hydraulic radius decreases, slope increases, which in turn increases shear stress.  
 The correlation analysis indicates that energy grade slope is clearly the primary control of 
shear stress. This relation is evident in specific examples. At a location 85 m upstream of the 
Ellsworth Park Dam, a local increase in shear stress occurs (Figure 6.2). Here, for instance, at the 
2% discharge, the hydraulic radius for the cross-section is 0.37 m to 0.43 m less than the values 
at adjacent upstream and downstream cross-sections. However, the energy grade slope for the 
same discharge is 0.001 for this cross-section compared to 0.0006 at adjacent upstream and 
downstream cross-sections. Thus, at the cross-section 85 m upstream from the Ellsworth Park 
Dam, a local slope increase, rather than increase in hydraulic radius, is related to the local 
increase in shear stress. 
 Overall, the differences in upstream versus downstream median values of shear stress at 
three of the four dams sites suggest that in low-gradient rivers, run-of-river dams reduce the 
magnitude of shear stress upstream of the structures, particularly for low flows in which water 
surface slopes are controlled by the presence of the dams. The influence of run-of-river dams on 
shear stresses diminishes greatly for the highest flows, where the effect of a dam on the flow 
profile is minimized. Site-specific conditions, such as the large pool downstream of the 
Effingham Dam, can affect water-surface slopes and hydraulic radii, thereby influencing patterns 
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of shear stress in the vicinity of run-of-river structures. Locations where shear stress locally 
peaks among the four sites are typically those where local increases in water-surface slope, rather 
than hydraulic radius, occur.  
 
6.4.2 Boundary shear stress results with dams removed and comparison to cases with dams 
in place 
 With the dams removed, shear stresses upstream of the dams exhibit greater  spatial 
variability than when the dams are in place (Figures 6.6 through 6.9).  For the Ellsworth Park, 
Vermilion River and Effingham Dams, standard deviations in shear stress among cross-sections 
upstream of each dam are higher with the dams removed than with the dams in place, an 
indicator of increased variability. For example, upstream of the Ellsworth Park Dam, the 
differences in standard deviations of shear stress between the case with the dams removed and in 
place range from 3.20 to 5.96 N/m2 for discharges other than the peak (Table 6.11). A similar 
trend is seen upstream of the Vermilion River Dam (range 9.48 to 17.5 N/m2 higher) and 
Effingham (range 16.5 to 51.0 N/m2 higher; Tables 6.12 and 6.13). Except for the 95% 
discharge, standard deviations in shear stress with and without the dam in place are nearly equal 
upstream of the Krape Park Dam, corroborating the lack of overall change in shear stresses 
between the two cases (Figure 6.13, Table 6.14). 
 Shear stresses are comparatively higher upstream of the dams following removal 
compared to values with the dams in place, though the magnitude of this difference is less for the 
Ellsworth Park and Krape Park Dams than for Vermilion and Effingham Dams (Figures 6.10 
through 6.13).  In no case is the shear stress following dam removal less upstream of the dams 
than the shear stress before removal. Upstream of the Ellsworth Park Dam, the greatest increases 
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in shear stress occurs 85 and 359 m and 40 and 21.2 N/m2 for the 10% discharge exceedance 
frequencies (for each respectively) upstream of the dam for all discharges except the peak 
(Figure 6.10). Generally, however, for most discharges at cross-sections throughout the upstream 
reach, shear stress increases are ≤ 10 N/m2. At the Vermilion River Dam, increases in shear 
stress are greatest just upstream of the dam, particularly for the peak and 5% discharge, and at 
cross-sections sited 912 and 1184 m upstream of the dams, where increases exceed 50 N/m2 
(Figure 6.11). Additional instances of increases exceeding 10 N/m2occur across the range of 
discharges at this site. Compared to the case with the dam in place, shear stresses upstream of the 
Effingham Dam exhibit both dramatic increases in magnitude (some greater than 100 N/m2), but 
also small increases at many cross-sections (≤ 5 N/m2; Figure 6.12). The smallest overall 
increases in shear stress following dam removal occur upstream of the Krape Park Dam (Figure 
6.13). Most considerable increases at this site are clustered within 400 meters of the dam.  
Upstream of this location increases do not exceed 10 N/m2 across the entire range of discharge 
exceedance probabilities.  
Across all sites, shear stress values for the dam removal scenario are comparable for the 
largest discharges in the upstream reaches extending away from the dams. Upstream of the 
Ellsworth Park, Vermilion River and Effingham Dams, increases in shear stress with the dams 
removed occur throughout the reaches, including the upstream end of these reaches, over the 
entire range of discharges. These reaches are within the backwater pool upstream of the dams 
with the dams in place (see Chapter 5), suggesting that dam removal influences shear stress 
distributions within regions of a pre-existing backwater pool even for high discharges that 
inundate the dams. Downstream of the dams, shear stresses are identical to the case with the 
dams in place, confirming that the dams only affect shear stress upstream.  
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 As with the dams in place, statistical comparisons were performed to evaluate differences 
among the upstream versus downstream shear stress distributions with the dams removed. The 
null hypothesis is that magnitudes of shear stress upstream versus downstream of each dam do 
not differ significantly. Like the case with the dams in place, the Mann-Whitney U Test was used 
to evaluate the differences in medians.  
 Unlike the case with the dams in place, median shear stresses upstream versus 
downstream of the removed structures for discharges of various exceedance frequencies 
generally do not differ  significantly at the 0.05 level for the Ellsworth Park and Vermilion River 
Dams (Tables 6.9 and 6.10). The sole exception is the peak discharge at the Vermilion River 
Dam, for which the median shear stress upstream is significantly higher than downstream, 
similar to the case with the dam in place (Table 6.12). Cases exist, particularly upstream of the 
Vermilion River Dam, in which abrupt local increases in shear stress occur at particular cross-
sections, a phenomenon not seen with the dams in place (Figures 6.3 and 6.7). Cross-sections 
where these locally sharp increases occur correspond to either one or both conditions where 
hydraulic radius values are lower, or slope values are greater, than adjacent cross-sections. With 
the dams in place, this phenomenon is seen primarily only downstream of the dams, whereas 
with dams removed, it is also seen upstream. Elimination of the backwater pool following dam 
removal allows local variations in channel morphology, which influence water surface slope, to 
have a greater control on shear stresses in the upstream reach than with the dams in place.  
 The  large pool downstream of the Effingham Dam continues to have an effect on 
upstream versus downstream shear stress comparisons with the dam removed. Here, the 
upstream versus downstream median differences in shear stress are significant for all discharges, 
with the medians higher upstream of the removed dam in all cases, which is opposite the case 
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with the dam in place. The upstream backwater pool with the dam in place reduces both the 
magnitude and variability of shear stresses for different discharges. After removal, several 
topographic highs on the bed are sufficient to locally increase slopes at specific cross-sections to 
considerably increase shear stress values at these locations. Effingham is unique among the sites 
in that a pool exists downstream of the dam, which acts to attenuate shear stress by decreasing 
the energy slope. With the dam removed, the backwater pool is largely eliminated. Thus median 
shear stresses are considerably higher upstream of the removed dam than downstream. This 
example demonstrates how site-specific situations strongly influence changes in shear stress after 
removal. Similar to the situation with the dam in place, median shear stresses are higher 
downstream of the Krape Park Dam for each discharge frequency, but the magnitude of the 
difference is not statistically significant for the exceedance frequency cases, save for the 95% 
exceedance (Table 6.14).  The fact that the level of increase in shear stress with the dam removed 
is lower than the other sites highlights the reduced backwater effect of this low dam relative to 
the other sites.  
 These comparisons indicate that removal of the dams  increases shear stresses upstream 
by eliminating the backwater pool (Figures 6.10 through 6.13). However, the magnitude of these 
increases varies among the sites. The overall patterns of shear-stress change at Ellsworth Park 
and Vermilion River Dams are similar. A key difference between the two sites is the larger 
increase in shear stress for the peak discharge at the Vermilion River Dam. With the dams 
removed, the water surface profile for the peak discharge increases steadily with distance 
upstream from the former location of the Vermilion River Dam, whereas upstream of the locus 
of the Ellsworth Park Dam, the profile remains fairly flat (Chapter 5, Figures 5.21 and 5.23). The 
relatively steep water surface slopes near the Vermilion River Dam compared to Ellsworth Park 
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translate into more pronounced shear stress increases for dam removal in the Vermilion reach 
compared to the Ellsworth Park reach. For the Effingham Dam, the wide variation in shear stress 
increases upstream of the dam indicates that with the dam removed, individual topographic 
features on the bed are influencing channel shape in a manner that is creating higher shear 
stresses at certain cross-sections and not others, a behavior more prevalent here than at the other 
sites. Shear stress increases at the Krape Park Dam are small overall and the spatial patterns of 
increases in shear stress are similar over the range of simulated discharges. The Krape Park Dam 
has the lowest height of the four dam sites, and thus, removal of the structure does not translate 
to large changes in flow elevations, slopes and shear stress values. 
 As with the case with the dams in place, to examine contributions of hydraulic radius and 
energy grade slope to shear stress values, HEC-RAS output for hydraulic radius and shear stress 
are each correlated with shear stress output for discharges at each cross-section (Tables 6.9 and 
6.10).  Correlations of energy grade slope with boundary shear stress for all the discharges at 
each dam produce strong statistical associations, a result commensurate with the dams in place 
(Table 6.9). Overall, R2 values are similar to those with the dams in place, though values are 
lower than with the dams in place for the highest discharges at the Ellsworth Park Dam. 
Correlations with hydraulic radius are much weaker than those for energy slope, with R2 values 
ranging from 0.00 to 0.42,  similar to the cases with the dams in place. The relation is identical to 
that for the dams in place, i.e., shear stress increases with decreasing hydraulic radius, indicating 
that slope is the dominant control on shear stresses with the dams removed. This relation, like the 
case with the dams in place, is apparent in particular instances, such as the cross-section 85 m 
upstream from the location of Ellsworth Park Dam. Here, at the 20% discharge, the hydraulic 
radius is 0.17 m less than at the adjacent downstream cross-section and 0.58 m less than at the 
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adjacent upstream cross-section. The energy grade slope shows the opposite trend, with a value 
that is 0.012 greater than the adjacent downstream cross-section and 0.014 greater than the 
adjacent upstream cross-section. This local slope increase, rather than an increase in hydraulic 
radius, is the cause of increased shear stress at this location 
 Overall, the HEC-RAS simulations indicated that increases in shear stresses upstream of 
the removed dams, in the former backwater pools, are sufficient to eliminate statistically 
significant differences between median shear stresses upstream versus downstream of the 
removed dams. Thus, in low-gradient rivers, dam removal and the elimination of the backwater 
pool generally produces increased shear stresses upstream of these dams. Further, with the pools 
removed, spatial variability in shear stresses increases compared to the variability with the dams 
in place, producing levels of variability typical of conditions downstream of the dams while 
these structures are in place. However, site-specific issues, such as the pool downstream of the 
Effingham Dam, which leads to small water surface slopes in that area, do create situations 
where removal can have the opposite effect on distributions of shear stress upstream versus 
downstream of the former dam location. As with the case with the dams in place, cross-sections 
with peaks in shear stress generally have high water-surface slopes, rather than large hydraulic 
radii, implying that slope is the dominant control on shear stresses in the low-gradient stream 
systems of the central United States.  
 
6.4.3 Flow Competence for cases with the dams in place  
 At cross-sections located at each of the four dams, τc is calculated for the upper limit of 
each particle-size class interval identified in Table 6.1 for the bed material samples collected at 
each cross-section.  The value of τc is equal to the value of effective shear stress calculated from 
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equation 6.16. This approach produces a suite of critical shear stresses for the upper limits of the 
set of particle-size intervals that constitute the distribution of particle sizes at different locations 
upstream and downstream of the dams. When these values of critical shear stress are compared 
to the estimated boundary shear stress for discrete discharges, the upper limit of the particle size 
interval where the actual shear stress exceeds the critical shear stress can be determined, which 
provides an estimate of the local competence (i.e., largest size of particle that will be mobile) of 
the flow at that cross-section.  
Upstream of the Ellsworth Park and Vermilion River Dams, the competence of the flows 
of different recurrence intervals generally decreases toward the dams, although considerable 
variation exists from cross-section to cross-section (Figures 6.14 through 6.15). The decrease in 
competence is greatest at low flows and diminishes with increases in flow magnitude, i.e. 
decreases in flow frequency. The decrease in competence upstream of the Ellsworth Park Dam is 
generally greater (2 orders of magnitude in grain size) than the decrease in competence upstream 
of the Vermilion River Dam (one order of magnitude).  Upstream of the Effingham Dam, the 
pattern of competence for low flows generally is fairly uniform and punctuated by local peaks of 
increased competence.  At relatively high flows (30% and 5% frequencies) some decrease in 
competence, equivalent to roughly one order of magnitude of grain size, is evident toward the 
dams. At peak flow, competence is fairly uniform. The Krape Park Dam exhibits a more 
complex pattern than the other dams with competence generally decreasing about an order of 
magnitude in grain size from about 1400 to 700 meters upstream of the dam, especially for high 
flows, and then increasing an order of magnitude in grain size toward the dam (700 to 150 m).  
Immediately upstream of the dam (0 to 150 m) competence decreases.  Overall these results 
suggest that with the dams in place competence decreases towards the dams upstream of these 
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structures, although the patterns of decrease in competence are complex.  A decrease in 
competence does not necessitate deposition, which will depend on the change in amount of 
material transported, not the size of this material, but it is suggestive of a tendency for bed-
material load to accumulate behind these dams over a range of flows.  Moreover, it does indicate 
that particle size should progressively become finer toward the dams as the size of particles 
capable of being mobilized by a particular flow progressively decreases toward the dam.  The 
lack of both deposition and progressive decreases in particle size upstream of the dams (Chapter 
4) suggests flow variability plays an important role in controlling bed-material fluxes and grain-
size characteristics upstream of these dams.  Although any particular flow level (i.e. magnitude, 
frequency) may have a tendency to produce effects that could lead to spatial structuring of 
patterns of deposition or changes in grain size over distance, changes in hydrological conditions 
over time lead to variations in magnitudes and patterns of competence that “smear” or eliminate 
trends that could be produced by a flow of a particular frequency.  
 At the Ellsworth Park and Vermilion River Dams, competence tends to increase abruptly 
immediately below these structures (Figures 6.14 through 6.15). These increases in competence 
correspond to rapidly increasing shear stresses (Figures 6.2 through 6.3).  Competence also tends 
to increase slightly downstream of the other two dams (Figures 6.16 and 6.17), although the 
increase in these cases does not occur immediately downstream of the dams. Instead, 
competence first decreases with about 100 meters downstream and then increases beyond this 
distance.  As noted in Chapter 4, these increases in competence tend to be accompanied by 
increases in grain size downstream of the dams.   
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6.4.4. Flow Competence for cases with the dams removed 
 With the dams removed and the backwater pools eliminated, the decline in competence 
evident with the dams in place is eliminated or reduced (Figures 6.18-6.21). Competence 
increases and is more variable spatially upstream of the dams after removal compared to the 
dams in place (Figures 6.22-6.25) – a pattern that mirrors the change in bed shear stress 
following dam removal (Figures 6.10-6.13). In no case is the competence after dam removal less 
than before removal. General trends can be discerned from the differences in flow competence 
(i.e. the maximum particle size mobilized) with the dams in place versus the dams being 
removed. First, the greatest differences in competence occur for low and intermediate flows, 
while the smallest differences (often zero) occur for the highest flows (i.e., peak discharge). 
Second, considerable spatial variation in the difference in competence exists upstream of the 
dams. Third, for locations at each study site where the differences in competence are greatest, 
such differences occur at other than the lowest or highest flows, and, with one exception, do not 
greatly exceed 10 mm.  
 Upstream of the Ellsworth Park Dam, the greatest local increases occur at 85 m (11.1 mm 
for 70% and 50% flows) and 359 m (9.1 mm at 50% flow) from the dam. At the former location, 
increases are greatest at the lowest discharges, while at the latter, the greatest increases occur for 
the higher flows. Two locations close to the dam also show competence increases that are greater 
overall than at other sites throughout the reach, including 17 m from the dam (3.94 mm for 30% 
flow) and 30 m (5.54 mm for 50% flow). For the peak discharge, with the exception of the most 
upstream location, with an increase of 4.8 mm, changes in competence are zero.  
Within 100 m upstream of the Vermilion River Dam, competence increases are greatest 
for the peak discharge (9.1 mm), while the greatest increases throughout the reach occur 912 m 
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from the dam (15.9 mm for 95% and 70% flow). At a site 844 m from the dam, a considerable 
competence increase (9.1 mm) occurs for peak discharge. Beyond these aforementioned 
locations, competence do not exceed 7.3 mm.  
Upstream of the Effingham Dam, the greatest increases in competence occur at locations 
148 m (11.2 mm for 50% flow) and 373 m (15.6 mm for 70% flow, highest magnitude increase 
at site) from the dam. Relative to other locations upstream of the dam, a considerable increase is 
evident 28 m from the dam (7.2 mm for 5% flow). Competence increases elsewhere do not 
exceed 2.4 mm. With the exception of 148 m from the dam, competence increases are zero for 
the peak discharge.  
Among the four sites, the largest increase in flow competence occurs at a location about 
1200 m upstream from the Krape Park Dam where a local increase in competence of 93.5 mm 
occurs for the peak discharge. No other location at any site has an increase of this magnitude. 
Aside from this large increase in competence, the majority of increases greater than zero are 
within 120 m of the dam, with the greatest increase of 20.3 mm located 113 m from the dam for 
the 95% flow. Except for a few isolated occurrences, increases in competence do not exceed 6.4 
mm through the remainder of the study reach.  
 The results from all four dams demonstrate that elimination of the backwater pool 
following dam removal allows for increased shear stresses, and an increase in the size of 
particles mobilized for a given discharge (Figures 6.22 through 6.25). One key message of the 
comparative results of particle size mobility is that the dams are providing a control on flow 
competence, particularly at flows less than the peak discharge. For the peak discharges, where 
the influence of the dam is greatly reduced when in place, sufficient shear stresses are generated 
to entrain all or most of the large particles on the bed at a given location. Given that competence 
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with the dams in place suggests gradual fining of sediments in the downstream direction toward 
the dams, the modeled increases in magnitude of competence with removal simplies that any fine 
sediment that is deposited upstream of dams at the time of removal could become easily 
entrained and transported downstream. Locally high competence magnitude increases do occur 
in close proximity to the dams, where fine deposition is generally predicted to occur. 
Downstream of the dams, the maximum mobile particle sizes are identical to the case with dams 
in place, given the lack of shear stress increase with dam removal.  
 
6.5 Conclusion 
 As expected, with the dams in place, modeled boundary shear stresses upstream of the 
dams are generally small, typically ≤ 3 N/m2 for all but the smallest flow frequencies. 
Additionally, spatial variation in shear stresses upstream of the dams, where backwater effects 
occur, are relatively minor for all flow frequencies compared to downstream of the dams, where 
local changes in channel morphology produce substantial variation in the spatial pattern of shear 
stresses. Generally, an increase in shear stresses occurs locally directly downstream of the dams 
with an increase in water surface slopes, although this effect is not seen downstream of the 
Effingham Dam given the relatively low channel gradient at this site. This difference shows one 
example of how variable channel morphologies that occur among sites can create site specific 
patterns of shear stresses. Overall, similarities exist between the shear stress distributions and the 
water surface elevation profiles.  
 The Mann-Whitney U Test was employed to test the null hypothesis that magnitudes of 
shear stress upstream versus downstream of the dams are not significantly different. Median 
shear stresses were significantly higher downstream of the Ellsworth Park, Vermilion River and 
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Krape Park Dams than upstream of these dams for high and moderate frequency discharges. In 
contrast, only the shear stress for the peak discharge differs significantly upstream and 
downstream of the Effingham Dam. The large pool that exists downstream of this dam attenuates 
shear stresses at all but the lowest flow frequencies, further illustrating how site-specific 
morphologies shape shear stress patterns. Overall, significant differences upstream versus 
downstream are not present for the lowest frequency flows, as the dams have less effect on the 
water surface profiles than for high and moderate frequency discharges. Changes in energy slope 
are clearly the dominant control on differences in shear stresses upstream and downstream of the 
dams. 
 Boundary shear stresses increase upstream of the dams after removal, and show greater 
longitudinal spatial variability, given increased water-surface slopes that occur with elimination 
of a backwater pool. Predictably, boundary shear stresses are higher with the dams removed than 
in place. Increases in magnitude are generally greater upstream of the Vermilion River and 
Effingham Dams, which are taller structures than the Ellsworth Park and Krape Park Dams. The 
taller dams create substantial backwater effects and low water-surface slopes that extend farther 
upstream for a given discharge than for the lower structures while in place. Magnitudes of shear 
stress increases upstream of the Effingham Dam exceed 100 N/m2 at select locations. Here, the 
considerable longitudinal variation in local bed topography creates local water-surface slope and 
hydraulic radii differences that locally increase boundary shear stresses with the dams removed. 
With the dams removed, shear stresses upstream and downstream of the locations of the dams 
generally are not statistically significant at the 0.05 level, further substantiating the effect of the 
dams on shear stresses through the creation of backwater pools that dramatically reduce water 
surface slopes. An exception is at the Effingham Dam, where boundary shear stresses are higher 
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upstream than downstream after removal – an effect related to local upstream topographic 
variations and the downstream pool, further illustrating how local site-specific morphologies can 
influence results.  
 Analysis of particle mobility indicates that flow competence upstream of the dams 
decreases toward the dams with less of a reduction in competence for low frequency flows. 
While local variations exist in flow competence patterns at each of the four sites, these general 
trends indicate that overall the competence of the flow to mobilize sediment decreases towards 
the dams, suggesting that sediment fining and accumulation should occur near the dams.  
Nevertheless, the analysis of particle size trends does not substantiate this hypothesized trend 
(see Chapter 4).  Increases in competence near the dams at low-frequency flows in the regions 
where fine deposition may occur, based on the analysis with dams in place, may entrain fine 
material that has accumulated during low flows. Thus, any accumulations of finer sediment 
upstream of run-of-river dams could be periodically flushed out of backwater pools. After dam 
removal, competence magnitudes increase upstream of all sites, in a manner sufficient to entrain 
large particles that may be deposited on the bed.  This result implies that flushing of accumulated 
sediment, if present, should occur after dam removal.  
 Calculation of critical shear stresses of individual particle size classes provide some 
possible rationale as to why large quantities of bed material are not being stored in the backwater 
pools at these sites. Given that natural hydrology is variable throughout the year, it is plausible 
that fine material deposited during low flows is entrained and transported downstream past the 
dams during high flows. This type of analysis would not be possible without investigating the 
mobility of multiple particle sizes of bed material over a range of flow frequencies. However, 
this analysis should be considered a first step in developing an improved understanding of the 
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flow and sediment transport processes operating upstream of run-of-river dams. Field 
measurements of flow and sediment transport across a range of flow events will be required to 
verify these results, a campaign for future research. Additionally, such field studies can provide 
the benefit of examining how closely the predicted competencies, as evaluated using the 
Buscombe and Conley (2012) method, correspond to actual mobilization in the field, so that new 
data can be used to refine the methods of calculation of sediment transport in rivers. Such studies 
do not need to be limited to run-of-river dominated environments, but should be conducted 
across a range of sites that span multiple physiographic and watershed development differences. 
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Table 6.1. Particle size interval for each sieve stack classification and corresponding value used 
for Di for each. 
 
i Value Sieve Class Interval 
(mm) 
Value for Di(m) Size Term 
1 ≥ 31.5 0.125 
Boulders, Cobbles, 
Very coarse 
pebbles 
2 31.5 > x ≥ 22.4 0.0315 Coarse pebbles 
3 22.4 > x ≥ 16 0.0224 Coarse pebbles 
4 16 > x ≥ 11.2 0.016 Medium pebbles 
5 11.2 > x ≥ 8 0.0112 Medium pebbles 
6 8 > x ≥ 5.6 0.008 Fine pebbles 
7 5.6 > x ≥ 4 0.0056 Fine pebbles 
8 4 > x ≥ 2.8 0.004 Very fine pebbles 
9 2.8 > x ≥ 2 0.0028 Very fine pebbles 
10 2 > x ≥ 1.4 0.002 Very coarse sand 
11 1.4 > x ≥ 1 0.0014 Very coarse sand 
12 1 > x ≥ 0.71 0.001 Coarse sand 
13 0.71 > x ≥ 0.5 0.00071 Coarse sand 
14 0.5 > x ≥ 0.355 0.0005 Medium sand 
15 0.355 > x ≥ 0.25 0.000355 Medium sand 
16 0.25 > x ≥ 0.18 0.00025 Fine sand 
17 0.18 > x ≥ 0.125 0.00018 Fine sand 
18 0.125 > x ≥ 0.09 0.000125 Very fine sand 
19 0.09 > x ≥ 0.063 0.00009 Very fine sand 
20 ≤ 0.063 0.000063 Silt/Clay 
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Table 6.2. Discharge values corresponding to exceedance probabilities at the four dam sites.  
Discharge 
Exceedance 
Probability 
Q value at Dams (cms) 
 Ellsworth Park Vermilion Effingham Krape Park 
95% 0.33 1.10 0.03 0.54 
70% 1.62 4.39 0.42  
50% 4.21 11.6 1.19 67.1 
30% 8.28 24.9 2.92  
20%    112 
10%    143 
5% 40.7 116 28  
4%    185 
Peak 162 1379 892 326 
 
Table 6.3. Summary of  R2 values for boundary shear stress and energy grade slope for flows at 
all dam sites.  
 
Flow 
Exceedance 
Probability 
Ellsworth Park Vermilion Effingham Krape Park 
95% 0.97 0.96 1.00 0.97 
70% 0.96 0.98 0.97 - 
50% 0.95 0.96 0.99  0.93 
30% 0.89 0.88 0.97 - 
20% 0.83 0.78 0.93 0.91 
10% 0.96 0.64 0.93 0.90 
5% 0.97 0.68 0.91 - 
4% - - - 0.91 
Peak Q 0.96 0.93 0.95 0.93 
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Table 6.4. Summary of R2 values for boundary shear stress and  hydraulic radius for flows at all 
dam sites.  
 
Flow 
Exceedance 
Probability 
Ellsworth Park Vermilion Effingham Krape Park 
95% 0.20 0.31 0.24 0.33 
70% 0.24 0.32 0.25 - 
50% 0.27 0.48 0.28 0.25 
30% 0.33 0.52 0.35 - 
20% 0.32 0.42 0.41 0.08 
10% 0.07 0.23 0.37 0.03 
5% 0.02 0.10 0.28 - 
4% - - - 0.00 
Peak Q 0.06 0.13 0.07 0.00 
 
Table 6.5.Results of shear stress comparisons for upstream versus downstream cross-sections at 
Ellsworth Park Dam. Units of shear stress = N/m2. Standard deviations for the distributions are in 
parentheses beside the median values. Comparisons that are significant at z = 0.05 are italicized. 
 
Discharge 
Exceedance 
Probability → 
95% 70% 50% 30% 5% Peak 
Median/Standard 
Deviation 
(Upstream) 
0.005 
(0.001) 
0.10 (0.20) 0.51 (1.00) 1.60 (2.72) 9.52 
(15.9) 
37.8 (41.7) 
Median/Standard 
Deviation 
(Downstream) 
1.05 (12.7) 2.74 (20.5) 4.98 (26.7) 7.33 (28.7) 16.1 
(27.6) 
33.0 (46.8) 
Range 
(Upstream) 
0.0003 - 
0.03 
0.01 - 0.67 0.04 - 3.25 0.14 - 8.70 1.65 - 46.8 8.39 - 123 
Range 
(Downstream) 
0.01 - 34.8 0.17 - 56.9 0.76 - 74.5 1.9 - 79.4 10.4 - 87.4 26.8 - 154 
Z-test (Upstream 
versus 
Downstream) 
0.00 0.00 0.00 0.01 0.36 0.66 
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Table 6.6.Results of shear stress comparisons for upstream versus downstream cross-sections at 
Vermilion River Dam. Units of shear stress = N/m2. Standard deviations for the distributions are 
in parentheses beside the median values. Comparisons that are significant at z = 0.05 are 
italicized. 
 
Discharge 
Exceedance 
Probability → 
95% 70% 50% 30% 5% Peak 
Median/Standard 
Deviation 
(Upstream) 
0.004 
(0.01) 
0.06 (0.21) 0.37 (1.23) 1.45 (4.18) 16.1 
(22.8) 
192 (98.1) 
Median/Standard 
Deviation 
(Downstream) 
2.47 (8.12) 3.91 (11.8) 6.75 (10.5) 11.6 (11.4) 19.3 
(18.9) 
60.0 (67.8) 
Range 
(Upstream) 
0.001 - 
0.07 
0.02 - 1.05 0.10 - 6.04 0.42 - 20.7 5.70 - 118 149 - 594 
Range 
(Downstream) 
0.20 - 21.0 1.20 - 33.7 2.80 - 27.4 4.19 - 35.3 9.51 - 55.7 45.0 - 236 
Z-test (Upstream 
versus 
Downstream) 
0.00 0.00 0.00 0.00 0.27 0.00 
 
Table 6.7.Results of shear stress comparisons for upstream versus downstream cross-sections at 
Effingham Dam. Units of shear stress = N/m2. Standard deviations for the distributions are in 
parentheses beside the median values. Comparisons that are significant at z = 0.05 are italicized. 
 
Discharge 
Exceedance 
Probability → 
95% 70% 50% 30% 5% Peak 
Median/Standard 
Deviation 
(Upstream) 
0.0001 
(0.0002) 
0.01 (0.04) 0.08 (0.23) 0.42 (1.00) 11.6 
(11.2) 
279 (126) 
Median/Standard 
Deviation 
(Downstream) 
0.0001 
(1.41) 
0.01 (1.48) 0.05 (4.37) 0.21 (5.43) 6.70 
(11.1) 
155 (215) 
Range 
(Upstream) 
0.00001 - 
0.002 
0.003 - 
0.20 
0.02 - 1.28 0.13 - 5.70 4.81 - 68.9 65.5 - 613 
Range 
(Downstream) 
0.00001 - 
4.07 
0.002 - 
9.85 
0.01 - 13.2 0.04 - 17.4 1.09 - 39 38.8 - 691 
Z-test (Upstream 
versus 
Downstream) 
0.14 0.95 0.48 0.30 0.18 0.03 
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Table 6.8.Results of shear stress comparisons for upstream versus downstream cross-sections at 
Krape Park Dam. Units of shear stress = N/m2. Standard deviations for the distributions are in 
parentheses beside the median values. Comparisons that are significant at z = 0.05 are italicized. 
 
Discharge 
Exceedance 
Probability → 
95% 50% 20% 10% 4% Peak 
Median/Standard 
Deviation 
(Upstream) 
0.004 
(0.007) 
11.8 (9.11) 20.5 (13.4) 26.0 (16.2) 32.9 
(19.7) 
44.1 (34.1) 
Median/Standard 
Deviation 
(Downstream) 
1.20 (11.7) 26.3 (16.9) 34.5 (22.0) 39.3 (25.1) 44.8 
(29.1) 
58.4 (40.2) 
Range 
(Upstream) 
0.002 - 
0.03 
6.78 - 38.7 11.9 - 58.2 15.3 - 70.8 19.5 - 87.6 27.5 - 137 
Range 
(Downstream) 
0.02 - 29.8 9.34 - 70.2 11.6 - 89.5 13.0 - 101 14.6 - 116 18.7 - 154 
Z-test (Upstream 
versus 
Downstream) 
0.00 0.00 0.03 0.07 0.15 0.24 
 
Table 6.9. Summary of R2 for values of boundary shear stress and energy grade slope for flows at 
all dam sites with the dams removed. 
 
Flow 
Exceedance 
Probability 
Ellsworth Park Vermilion Effingham Krape Park 
95% 0.97 0.81 1.00  0.92 
70% 0.97 0.95 1.00  - 
50% 0.94 0.70 0.99 0.86 
30% 0.88 0.68 0.99  - 
20% 0.78 0.67 0.99 0.87 
10% 0.60 0.69 0.96 0.89 
5% 0.86 0.76 0.96 - 
4% - - - 0.90 
Peak Q 0.95 0.94 0.95 0.93 
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Table 6.10.Summary of R2 for values of boundary shear stress and hydraulic radius for flows at 
all dam sites with the dams removed. 
 
Flow 
Exceedance 
Probability 
Ellsworth Park Vermilion Effingham Krape Park 
95% 0.13 0.14 0.08 0.30 
70% 0.23 0.13 0.12 - 
50% 0.19 0.15 0.13 0.11 
30% 0.11 0.08 0.14 - 
20% 0.07 0.05 0.28 0.01 
10% 0.03 0.02 0.42 0.00 
5% 0.02 0.01 0.42 - 
4% - - - 0.00 
Peak Q 0.02 0.05 0.05 0.00 
 
Table 6.11.Statistical test results for shear stress comparisons from cross-section groups at 
Ellsworth Park Dam, based on output from the Mann-Whitney U-Tests, with the dams removed. 
Units of shear stress = N/m2. Standard deviations for the distributions are in parentheses beside 
the median values. Comparisons that are significant at z = 0.05 are italicized. Differences in 
standard deviation values between the case with dams removed and in place provided.  
 
Discharge 
Exceedance 
Probability → 
95% 70% 50% 30% 5% Peak 
Median/Standard 
Deviation 
(Upstream) 
0.05 (3.21) 0.79 (5.87) 3.24 (6.61) 8.55 (7.89) 26.6 
(21.8) 
38.8 (43.5) 
Difference in 
standard 
deviation 
(removed versus 
in place; 
upstream) 
3.20 5.66 5.60 5.16 5.96 1.85 
Median/Standard 
Deviation 
(Downstream) 
1.05 (12.7) 2.74 (20.5) 4.98 (26.7) 7.33 (28.7) 16.1 
(27.6) 
33.0 (46.8) 
Range 
(Upstream) 
0.001 - 
11.69 
0.01 - 21.7 0.06 - 24.4 0.20 - 28.7 2.40 - 74.1 8.92 - 127 
Range 
(Downstream) 
0.01 - 34.8 0.17 - 56.9 0.76 - 74.5 1.9 - 79.4 10.4 - 87.4 26.8 - 154 
Z-test (Upstream 
versus 
Downstream) 
0.07 0.13 0.21 0.39 0.70 0.69 
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Table 6.12.Statistical test results for shear stress comparisons from cross-section groups at 
Vermilion River Dam, based on output from the Mann-Whitney U-Tests, with the dams 
removed. Units of shear stress = N/m2. Standard deviations for the distributions are in 
parentheses beside the median values. Comparisons that are significant at z = 0.05 are italicized. 
Differences in standard deviation values between the case with dams removed and in place 
provided. 
 
Discharge 
Exceedance 
Probability → 
95% 70% 50% 30% 5% Peak 
Median/Standard 
Deviation 
(Upstream) 
0.31 (8.15) 1.87 (11.6) 4.98 (10.5) 8.84 (11.2) 33.6 
(18.9) 
257 (67.8) 
Difference in 
standard 
deviation 
(removed versus 
in place; 
upstream) 
17.5 15.1 9.48 13.1 13.1 1.41 
Median/Standard 
Deviation 
(Downstream) 
2.47 (8.15) 3.95 (11.6) 6.75 (10.5) 11.6 (11.2) 19.3 
(18.9) 
60.0 (67.8) 
Range 
(Upstream) 
0.01 - 76.7 0.09 - 74.3 0.45 - 52.4 1.47 - 89.5 12.0 - 195 181 - 639 
Range 
(Downstream) 
0.20 - 21.2 1.21 - 33.2 2.81 - 27.4 4.20 - 34.9 9.51 - 55.4 45.0 - 236 
Z-test (Upstream 
versus 
Downstream) 
0.11 0.14 0.20 0.42 0.09 0.00 
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Table 6.13.Statistical test results for shear stress comparisons from cross-section groups at 
Effingham Dam, based on output from the Mann-Whitney U-Tests, with the dams removed. 
Units of shear stress = N/m2. Standard deviations for the distributions are in parentheses beside 
the median values. Comparisons that are significant at z = 0.05 are italicized. Differences in 
standard deviation values between the case with dams removed and in place provided. 
 
Discharge 
Exceedance 
Probability → 
95% 70% 50% 30% 5% Peak 
Median/Standard 
Deviation 
(Upstream) 
0.001 
(17.0) 
0.12 (35.8) 0.58 (44.2) 2.02 (52.0) 19.7 
(27.7) 
289 (153) 
Difference in 
standard 
deviation 
(removed versus 
in place; 
upstream) 
17.0 35.7 43.9 51.0 16.5 26.4 
Median/Standard 
Deviation 
(Downstream) 
0.0001 
(1.37) 
0.01 (3.42) 0.05 (4.36) 0.21 (5.42) 6.70 
(11.1) 
155 (215) 
Range 
(Upstream) 
0.0001 - 
86.1 
0.01 - 179 0.08 - 228 0.34 - 270 7.06 - 141 73.7 - 724 
Range 
(Downstream) 
0.00001 - 
3.91 
0.002 - 
9.85 
0.01 - 13.2 0.04 - 17.4 1.09 - 39 38.8 - 692 
Z-test (Upstream 
versus 
Downstream) 
0.00 0.00 0.00 0.00 0.00 0.02 
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Table 6.14. Statistical test results for shear stress comparisons from cross-section groups at 
Krape Park Dam, based on output from the Mann-Whitney U-Tests, with the dams removed. 
Units of shear stress = N/m2. Standard deviations for the distributions are in parentheses beside 
the median values. Comparisons that are significant at z = 0.05 are italicized. Differences in 
standard deviation values between the case with dams removed and in place provided, where 
negative values indicate variations that are higher with the dams in place compared to removed. 
 
Discharge 
Exceedance 
Probability → 
95% 50% 20% 10% 4% Peak 
Median/Standard 
Deviation 
(Upstream) 
0.16 (3.48) 20.3 (10.6) 28.5 (13.5) 30.9 (16.1) 36.6 
(19.6) 
45.8 (31.1) 
Difference in 
standard 
deviation 
(removed versus 
in place; 
upstream) 
3.47 1.53 0.09 -0.10 -0.09 0.02 
Median/Standard 
Deviation 
(Downstream) 
1.20 (11.7) 26.3 (16.9) 34.5 (22.0) 39.3 (25.1) 44.8 
(29.1) 
58.4 (40.2) 
Range 
(Upstream) 
0.04 - 16.2 9.89 - 48.2 14.7 - 62.9 17.7 - 74.4 21.1 - 90.3 29.2 - 139 
Range 
(Downstream) 
0.02 - 29.8 9.34 - 70.2 11.6 - 89.5 13.0 - 101 14.6 - 116 18.7 - 154 
Z-test (Upstream 
versus 
Downstream) 
0.02 0.24 0.28 0.30 0.30 0.28 
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Figure 6.1.Shields diagram (from Garcia, 2008). 
 
Figure 6.2.Variation in boundary shear stress over distance for different discharges at Ellsworth 
Park Dam. Negative values are distances downstream of the dam and positive values are 
distances upstream of the dam.  
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Figure 6.3.Variation in boundary shear stress over distance for different discharges at Vermilion 
River Dam. Negative values are distances downstream of the dam and positive values are 
distances upstream of the dam. 
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Figure 6.4.Variation in boundary shear stress over distance for different discharges at Effingham 
Dam. Negative values are distances downstream of the dam and positive values are distances 
upstream of the dam. 
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Figure 6.5.Variation in boundary shear stress and maximum depth over distance for different 
discharges at Krape Park Dam. Negative values are distances downstream of the dam and 
positive values are distances upstream of the dam. 
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Figure 6.6. Variation in boundary shear stress over distance for different discharges at Ellsworth 
Park Dam with dam removed. Negative values are distances downstream of the removed dam 
and positive values are distances upstream of the removed dam. 
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Figure 6.7.Variation in boundary shear stress over distance for different discharges at Vermilion 
River Dam with dam removed. Negative values are distances downstream of the removed dam 
and  positive values are distances upstream of the removed dam. 
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Figure 6.8. Variation in boundary shear stress over distance for different discharges at Effingham 
Dam with dam removed. Negative values are distances downstream of the removed dam and 
positive values are distances upstream of the removed dam. 
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Figure 6.9. Variation in boundary shear stress over distance for different discharges at Krape 
Park Dam with dam removed. Negative values are distances downstream of the removed dam 
and positive values are distances upstream of the removed dam. 
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Figure 6.10. Difference in magnitude of shear stress values between the dam removed and in 
place, Ellsworth Park Dam. Negative values are distances downstream of the dam and positive 
values are distances upstream of the dam.  
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Figure 6.11. Difference in magnitude of shear stress values between the dam removed and in 
place, Vermilion River Dam. Negative values are distances downstream of the dam and positive 
values are distances upstream of the dam.  
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Figure 6.12. Difference in magnitude of shear stress values between the dam removed and in 
place, Effingham Dam. Negative values are distances downstream of the dam and positive values 
are distances upstream of the dam. 
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Figure 6.13. Difference in magnitude of shear stress values between the dam removed and in 
place, Krape Park Dam. Negative values are distances downstream of the dam and positive 
values are distances upstream of the dam. 
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Figure 6.14.Variation in maximum particle size over distance for different discharges at 
Ellsworth Park Dam expected to be mobilized. Negative values for distance are downstream of 
the dam, with positive values representing distance upstream. 
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Figure 6.15.Variation in maximum particle size over distance for different discharges at 
Vermilion River Dam expected to be mobilized. Negative values for distance are downstream of 
the dam, with positive values representing distance upstream. 
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Figure 6.16.Variation in maximum particle size over distance for different discharges at 
Effingham Dam expected to be mobilized. Negative values for distance are downstream of the 
dam, with positive values representing distance upstream. 
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Figure 6.17.Variation in maximum particle size over distance for different discharges at Krape 
Park Dam expected to be mobilized. Negative values for distance are downstream of the dam, 
with positive values representing distance upstream. 
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Figure 6.18.Variation in maximum particle size over distance for different discharges at 
Ellsworth Park Dam expected to be mobilized, with the dam removed. Negative values for 
distance are downstream of the dam, with positive values representing distance upstream. 
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Figure 6.19. Variation in maximum particle size over distance for different discharges at 
Vermilion River Dam expected to be mobilized, with the dam removed. Negative values for 
distance are downstream of the dam, with positive values representing distance upstream. 
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Figure 6.20. Variation in maximum particle size over distance for different discharges at 
Effingham Dam expected to be mobilized, with the dam removed. Negative values for distance 
are downstream of the dam, with positive values representing distance upstream. 
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Figure 6.21. Variation in maximum particle size over distance for different discharges at Krape 
Park Dam expected to be mobilized, with the dam removed. Negative values for distance are 
downstream of the dam, with positive values representing distance upstream. 
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Figure 6.22. Difference in magnitude of maximum mobile particle size between the dam 
removed and in place, Ellsworth Park Dam, as an indicator of differences in flow competence. 
Negative values are distances downstream of the dam and positive values are distances upstream 
of the dam. 
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Figure 6.23. Difference in magnitude of maximum mobile particle size between the dam 
removed and in place, Vermilion River Dam, as an indicator of differences in flow competence. 
Negative values are distances downstream of the dam and positive values are distances upstream 
of the dam. 
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Figure 6.24. Difference in magnitude of maximum mobile particle size between the dam 
removed and in place, Effingham Dam, as an indicator of differences in flow competence. 
Negative values are distances downstream of the dam and positive values are distances upstream 
of the dam. 
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Figure 6.25. Difference in magnitude of maximum mobile particle size between the dam 
removed and in place, Krape Park Dam, as an indicator of differences in flow competence. 
Negative values are distances downstream of the dam and positive values are distances upstream 
of the dam. 
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CHAPTER 7 
 
 
SUMMARY AND CONCLUSIONS 
 
  
 This dissertation has focused on the effects on river morphology and sedimentation by 
four run-of-river dams in  low-gradient river systems of the central United States. Channel 
morphology and sediment character was assessed through field data collection at each of the 
sites, followed by statistical comparisons of conditions upstream versus downstream of the dams, 
and to a reference site upstream of each dam. The collected data also enabled the construction of 
a hydraulic model (HEC-RAS) for evaluation of the water surface elevations produced upstream 
and downstream by each run-of-river dam across a range of flow discharges, and to assess to 
what extent dam removal changes the water surface elevations, particularly through elimination 
of the upstream backwater pools. As HEC-RAS provides boundary shear stress values at cross-
sections across discharges, and given the availability of bed sediment data, flow competence, 
both with the dams in place and removed, was also assessed. The bed sediment samples collected 
contain a mixture of particle sizes, leading to differentiation in critical boundary shear stresses 
required to mobilize individual particle sizes in a sample. A method developed by Buscombe and 
Conley (2012) was used to identify the particle sizes on the bed at different locations that will 
become mobile across the range of discharges at all sites. Given the considerable interest in 
removing run-of-river dams, particularly in the United States, this research has provided a 
needed examination on the morphology and sediment character upstream and downstream of 
such structures, along with modeling of how hydraulic conditions and sediment entrainment may 
change in response to dam removal.  
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 This chapter summarizes the dissertation research and its results. The contributions of 
this work to the science of fluvial geomorphology and environmental management are presented, 
in addition to how the findings of this work may be used to identify future research 
opportunities.  
 
7.1 Influence of run-of-river dams on channel morphology and sediment characteristics 
 Although large dams are known to create major discontinuities in channel form and 
sediment transport, leading to deposition upstream and scour downstream, investigations of the 
effects of run-of-river dams on river morphology and sedimentology are much less extensive. To 
help address this issue, this dissertation examined the spatial variability of channel morphology 
and sediment character upstream and downstream of four  run-of-river dams in low-gradient 
river systems of Illinois, where these types of dams are numerous; including two in Danville, one 
in Effingham and one in Freeport.  
 Overall, the results showed that the run-of-river dams do not produce major 
discontinuities in channel morphology or sediment character in the vicinity of the run-of-river 
dams, as would be expected at large impoundment dams.  However, variability in morphological 
and sedimentological conditions does occur among the four sites. For example, the presence of 
Lake Vermilion upstream of the Ellsworth Park Dam in Danville leads to small proportions of 
silt/clay in the bed material, given the trapping efficiency of the lake. Encroachments upon the 
Little Wabash River in Effingham have likely contributed to the extant morphology at that site. 
All four sites did exhibit higher fractions of silt and clay in bed material upstream of the dams 
than downstream of the structures. The proportion of sands in bed material is also higher 
upstream of the dams relative to downstream, overall, while the share of gravels is higher in the 
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downstream reaches. Despite these results, these dams are not inducing substantial storage of 
sediment in backwater pools, as the channel bathymetry does not show pronounced sediment 
wedges on the upstream sides of the dams.  The lack of a peak in 137Cs concentrations in shallow 
cores obtained from bed material upstream of two of the dams supports the conclusion that long-
term sediment storage is not occurring behind these structures.  
 
7.2 HEC-RAS analysis 
 Though run-of-river dam crests are at elevations below the adjacent bank tops, the 
structures sufficiently impede flow to create backwater pools upstream of them. The water 
surface elevations resulting from this backwater upstream of dams, as well as water-surface 
profiles downstream, was modeled across a range of discharges using HEC-RAS, -a one-
dimensional hydraulic model. In this research, HEC-RAS was used to evaluate water surface 
elevations and profile shapes, extent of dam submergence and the upstream spatial extent of 
backwater across a range of discharges at each of the four run-of-river dams, both with the dams 
in place, and after a simulated removal. For each site with the dam in place, the model was run 
twice – once with the inline structure function to model the dam, while the second used cross-
sections to represent the dam, allowing for an evaluation of the difference in water surface 
elevations and hydraulics produced between the two representation approaches.  
 Overall, the output from the HEC-RAS models, using both methods of dam 
representation, produced flow characteristics commensurate with the expectation for run-of-river 
dams, including: backwater pools with water surface elevations at least equal to the dam crests at 
low discharges with flow passing over the dams to reaches downstream; and, reduced backwater 
effects with increasing discharges, with complete dam submergence at the highest discharges and 
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near or total elimination of an effect on the water surface profiles generated by the dams. 
However, the method of dam representation influences the shape of the water surface profiles at 
the dams, with the cross-section method producing a more conceptually correct depiction of the 
subcritical to supercritical transitions at the dams. This method also produces water surface 
elevations that are more than 0.15 m lower than with the inline structure function near the dams 
and for the highest discharges. Dam removal produces the expected effect of eliminating the 
backwater pools upstream of the dams, while markedly decreasing water surface elevations, 
though small bed topographic features do allow some small pools to persist.  
 
7.3 Analysis of bed shear stress and sediment entrainment 
 Mobilization of bed material stored behind run-of-river dams, particularly after removal, 
has been an ongoing concern relative to the implementation of dam removals in the United 
States. Creation of backwater pools upstream of run-of-river dams is generally thought to 
promote accumulation of bed material, particularly fines. Given that the morphology and 
sediment results indicate a lack of substantial sediment accumulation upstream of the run-of-
river dams (Chapter 4), an analysis of boundary shear stresses (using cross-sectional output from 
the HEC-RAS models from Chapter 5) and flow competence were conducted with the dams in 
place and removed to identify longitudinal patterns in sediment mobility. Calculations of critical 
shear stresses to determine thresholds of motion of individual particle size classes within 
naturally occurring graded sediments, rather than the total sample, were required, given the need 
to more precisely differentiate mobilities of different size classes. Application of the Shields 
curve, though widely used, does not yield size-specific entrainment thresholds. Thus, a technique 
presented by Buscombe and Conley (2012) that allows calculation of the mobilization of 
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multiple particle size classes within graded sediment mixtures was utilized in this research, for 
both cases with the dams in place and after removal. 
 With the dams in place, boundary shear stresses upstream of each of the dams are low, 
generally ≤ 3 N/m2 for all except the highest discharges. Downstream of the dams, shear stresses 
are more variable, with rapid increases directly downstream of the dams where relatively steep 
water surface slopes occur. Only one dam (Effingham) does not exhibit an abrupt increase in 
shear stress downstream of the structure, given the presence of a downstream pool and gentle 
channel gradient, an example that demonstrates site-specific characteristics influence results 
among the sites. In statistical comparisons of boundary shear stresses upstream versus 
downstream of the dams, shear stresses are greater downstream for high and medium frequency 
flows at Ellsworth Park, Vermilion River and Krape Park Dams. However, the downstream  pool 
mitigates shear stress downstream of the Effingham Dam; thus shear stress upstream and 
downstream of this structure do not differ significantly, except for peak discharge, which 
exhibits significantly higher shear stresses upstream than downstream. With removal of both the 
dams and the corresponding backwater pools, longitudinal spatial variability and magnitudes of 
boundary shear stresses increase across all flow frequencies as local topographic differences on 
the longitudinal profiles more readily influence hydraulic conditions. Statistically significant 
differences upstream versus downstream for boundary shear stresses are generally eliminated 
with dam removal, except for Effingham, which has higher boundary shear stresses upstream 
than downstream, again a consequence of the pool downstream of the structure. In correlations 
between boundary shear stresses with hydraulic radii and energy grade slope at cross-sections, 
slope exhibits a much greater influence on shear stress values than hydraulic radii for both cases 
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(dams in place and removed). Elimination of the backwater pools upstream of these dams with 
removal does increase boundary shear stresses across flow frequencies.  
 For flow competence, with the dams in place, a decrease is generally observed 
progressing toward the dams upstream of the Ellsworth Park and Vermilion River Dams, 
whereas competence is relatively uniform with a slight decrease at Effingham, and increases 
toward the Krape Park Dam. Despite these general trends, considerable spatial variation in 
competence exists at each site. A general decrease in competence towards the dams suggests 
there is a tendency for bed material to accumulate within the backwater pools behind these dams, 
particularly at high frequency flows, and that deposited material should become finer toward the 
dams. However, enhanced competence of low frequency flows can readily entrain fine particles 
and such flows may flush accumulating fine material from the pools. With the dams removed, 
the longitudinal spatial variability in and magnitude of competence increases across all sites. The 
results suggest that dam removal may increase the mobilization of a greater quantity of bed 
material. However, the fact that magnitudes of competence are spatially variable among multiple 
discharges at all sites indicates that the patterns of bed material entrainment with removal will 
also vary within sites, potentially leading to redistribution of the bed material as discharges vary 
with time.  
 
7.4 Research implications and future directions 
 This dissertation highlights for low-gradient rivers in the Midwest the effects of run-of-
river dams on river morphology, sediment characteristics, hydraulics, and particle mobility, but  
further research is clearly needed. In Chapter 2, the hypothesis of vortices operating at the base 
of the upstream face of the dam is presented, which could explain why these dams are not 
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trapping large quantities of sediment for long periods. The results of the flow competence 
analysis are also suggestive of this possibility. However, the former is a conceptual model, while 
the latter is the result of an analytical approach, based on the bed material existing on the bed at 
the time of survey. These approaches serve as starting points for the future work addressing the 
problem of sediment transport at run-of-river dams through  in-field process measurements. Such 
work can be complemented by laboratory experiments and numerical modeling, though such 
approaches cannot fully capture the inherent complexities present in the field environment. Field 
studies should incorporate measurements of flow hydraulics (such as those available from an 
Acoustic Doppler Current Profiler [ADCP]), suspended load, and bedload transport. Safety 
issues are of considerable concern in obtaining field measurements of fluvial processes at run-of-
river dams, particularly at high discharges, which doubtless explains why such measurements 
have not been conducted. However, with safety precautions taken to secure boats, and use of a 
tethered boat setup for an ADCP, for example (i.e., Riley and Rhoads, 2011), it is possible to 
conduct surveys at moderate discharges to determine what factors contribute to the lack of 
sedimentation behind run-of-river structures. Studies should be conducted at multiple locations 
to incorporate site-specific influences in such analyses (i.e., the bridge pier at Ellsworth Park, 
anthropogenic river corridor encroachments at Effingham, etc.). 
 Regarding fluvial responses following removal of run-of-river dams, further studies are 
needed to verify the hydrological and morphological conditions predicted by the HEC-RAS 
modeling. The results of this research indicate that site-specific conditions strongly influence the 
spatial variation in flow competence after dam removal. In an actual removal scenario, do these 
site-specific locations indeed influence competence? Once sediment transport is initiated, how 
does the interplay of flow hydraulics and sediment transport influence bed morphology, and how 
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does this morphology subsequently influence flow hydraulics and sediment transport? Such 
questions can be engaged through process-based field studies following dam removal. Most 
studies of post-removal responses, when attempted, have tended to focus on repeat survey 
techniques to monitor morphological change, with only limited attention given to process-based 
measurements of post-dam adjustments. Studies of process dynamics following the removal of 
run-of-river dams will provide insight into mechanisms of morphological and sedimentological 
adjustments and will yield information on which decision makers can base best management 
practices concerning dam removal. 
 Finally, it is important to note that the research here was undertaken in low-gradient 
stream systems. Thus, the results of this research may not be applicable to run-of-river dams on 
moderate or high-gradient rivers or in environments with considerably different watershed 
characteristics. This research provides an impetus for process-based research not only on run-of-
river dams in low gradient stream systems, but also on run-of-river dams on moderate and high-
gradient streams. From a practical perspective, the results of this research also inform policy on 
dam removal on low-gradient stream systems, particularly policy related to sediment 
management protocols. 
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